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Abstract 

Solar drying of agricultural food products as an art of food preservation has been in existence since the 

17th century. In most tropical and subtropical countries, the drying process of harvested agricultural 

products such as grains is mainly carried out using the method of open-air drying or sun drying to 

preserve the harvest. With the advances of technology over time, new solar drying methods such as 

indirect and mixed-mode solar drying are evolving. Mixed-mode solar dryers are among the most efficient 

solar drying methods for improving the harvest and storage of grains. One of the advances in the 

development of solar dryers is the use of computational fluid dynamics (CFD) and computer-aided design 

(CAD) codes to model, simulate, and analyze dryer systems' performance.  

This study was conducted in two phases. The first phase entailed the use of CAD and CFD codes to model 

and simulates a forced convection mixed-mode solar grain dryer integrated with a preheater. A 3D model 

was developed with great accuracy using SolidWorks code and, the CFD simulation was carried out using 

ANSYS Fluent code. In the second phase, an experiment was conducted using an existing indirect solar 

dryer which was modified and converted to a mixed-mode solar dryer suitable for the study. The modeling 

and simulation results were validated against experimental results to evaluate the dryer system' 

performance. The study was conducted at various airflow speed and preheater temperatures ranging 

from 0.5 m/s to 2 m/s and 30 ℃ to 40 ℃, respectively. The type of grains used in the experiment were 

corn grains whereby 72 freshly harvested maize ears/cobs were dried. The study was conducted under the 

weather conditions of Durban, South Africa, at the University of KwaZulu-Natal.  

This study aimed to investigate solar drying technologies towards performance enhancement of a forced 

convection mixed-mode solar grain dryer that incorporated a preheater through modeling and 

optimization. This approach was followed in order to develop a better understanding of the effects of 

forced convection and air preheating on airflow distribution and temperature distribution within a solar 

dryer. The results from both the CFD modeling and experiment were satisfactory, resulting in a 

correlation with a maximum relative error of 16.3 %. The dryer system's performance results indicated 

a maximum thermal efficiency of 58.8 % with a corresponding drying rate of 0.0438 kg/hr. The 

minimum thermal efficiency for the dryer system was 47.7 %, with a corresponding drying rate of 

0.0356 kg/hr. The fastest drying time of maize ears was achieved in 4 hours and 34 minutes from an 

initial moisture content of 24.7 % wb to 12.5 % wb. At the same time, open-sun drying yielded the 

slowest drying time of 15 hours from an initial moisture content of 27.3 % wb to 12.7 % wb. There was 

a significant improvement in the dryer system's performance, whose initial efficiency was 36 % when 

operating as an indirect solar dryer. These results are a clear indication that using a solar dryer system 
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in mixed-mode operation with forced convection and the assistance of a preheater or backup heater can 

significantly improve drying processes and increase food preservation. The study further presents 

design concepts of incorporating cost-effective solar thermal energy storage systems that can be 

implemented to optimize solar dryers. In this case, solar energy can be harvested and stored during peak 

sunshine hours and made available for usage during off-peak sunshine hours. 
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CHAPTER 1  
 

1. INTRODUCTION 
 

1.1 Background 
 

Accessible renewable energy sources include solar energy, wind energy, and geothermal energy. Compared 

to other renewable energy sources, solar energy has great potential and better reliability for drying 

technologies in relation to agricultural food preservation. In most tropical and subtropical countries food 

losses after harvest are very significant, estimated to be of the order of 40% but can increase to about 80% 

in adverse conditions due to improper drying [1]. In these countries, the drying process of harvested 

agricultural products such as grains is mainly carried out by open-air sun drying as a way of preserving the 

harvest for the longer term [2]. Such an approach involves exposing the grains directly to the sun's rays 

whereby the absorbed sun radiation is converted to thermal energy, increasing the grain temperature and 

resulting in the evaporation of moisture from the grain. Based on the principles underlying the drying 

process, theories indicate that at 25 ℃ room temperature and 1 bar atmospheric pressure, the water which 

is removed in the form of moisture requires a minimum latent heat of vaporization of 2442 kJ/kg [10].  

 

Grains contain vital nutrients such as carbohydrates, minerals and vitamins which form part of the overall 

healthy diet of a human being. In addition, they provide the dietary fiber which helps in lowering the risk 

of being affected by heart disease [1]. In many parts of the world, particularly in developing countries, 

traditional methods of open-air sun drying of grains are still practiced, even for large-scale production [10]. 

This is because this method is cheap and easily available. This method, however, has various limitations 

that negatively affect the quality of the products, which sometimes can lead to inedible products [2]. Food 

products dried using the traditional method of open-air sun drying are also susceptible to damage due to 

birds, insects, rain, dirt or fungi due to the uneven drying process [3]. The problems associated with open-

air sun drying can be eliminated with the use of appropriate solar dryer technologies. Using solar dyers to 

dry the harvested food products can minimize food wastage and production cost. Solar dryers can be a 

beneficial tool to small-scale farmers, particularly those in rural areas where conventional sun drying of 

crops such as maize is carried out.  

 

As technology evolves, new advanced techniques and strategies of food drying are being discovered. There 

are mainly three ways in which the process of solar drying can be carried out. The drying process can be 

carried out using either a direct, indirect or a mixed-mode solar dryer [3,10]. All three methods have 
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different advantages and disadvantages, and can employ natural air convection or forced air convection 

processes. Solar drying of food is widely practiced throughout the world and is seen as a green energy 

solution to food preservation. It is a cheaper and more effective method of food drying in comparison to 

freeze drying and oven drying. The principles and methods of solar drying are discussed in more detail in 

Chapter 2. The quality of grain serves as an important factor in determining its market and nutritional value. 

Grain that is obtained through improper and unhygienic drying methods can result in poor quality grains 

that can have adverse economic effects on both domestic and international markets. A proposal based on 

current research indicates that drying processes need to be carried out in closed and hygienic environments 

such as inside a solar or industrial dryer [4]. In this way, the quality of dried food products is enhanced and 

enough food can be made available to cater for the population needing it.  Grains can be safely preserved 

through drying to avoid huge wastage and so that they can be available during off-seasons at remunerative 

prices [4].  

 

The technology of solar thermal energy is rapidly gaining acceptance as an energy saving measure in 

agricultural applications [11]. The great benefits of solar energy such as plentiful, unlimited energy, and 

environmentally-friendliness makes it widely preferred over other forms of alternative energy for many 

industrial applications including solar drying [5]. Research has shown that the drying process has many 

variables and it is almost impossible to control all the variables and achieve a uniform drying of the final 

product [5,6]. The process of drying is largely dependent on factors such as air temperature and velocity, 

product type, layer thickness, moisture content, method of drying, drying kiln structure, moisture 

diffusivity, crop porosity and ambient air humidity. Food items such as grains contain two types of water; 

chemically bound water and physically held water which is normally removed during the drying process.  

 

The most important reasons for the popularity of dried products are increased shelf life, product diversity 

and a substantial reduction in volume which results in less storage space. Sharma et al. [6] stated that the 

short wavelength solar radiation which is partly reflected and partly absorbed will determine the color of 

the crops. The absorbed radiation will increase the temperature of the crop which results in moisture 

diffusion and evaporation of moisture from the crop surface due to the surrounding air movement. There 

are many different types of grains that are consumed in many parts of the world and form part of their staple 

food. The most popular grains are maize corn, rice, wheat, oats, millet, sorghum, and barley. In many parts 

of Africa, maize is considered as a staple food and more popular than other types of grains such as rice 

which is widely consumed in countries such as India, China, and Indonesia.  

 



3 

Research on the use of computational fluid dynamics (CFD) tools to design, analyze and optimize solar 

drying systems have been conducted by numerous research studies. Computational Fluid Dynamics is 

considered to be a cost-effective and an accurate measure of predicting the drying kinetics of a solar dryer. 

As discussed in more detail in Chapter 3, there are many CFD codes or software programs that can be used 

to model and simulate the drying process of products in a solar dryer. Using a CFD code, one can run 

multiple simulations and analyze data as often as desired without running many experimental trials [7]. One 

of the great benefits in modeling and simulating the drying process is that there is no cost involved in setting 

up and running the model. Hence, it also serves as a selection tool in obtaining a suitable design for the 

desired drying system. Despite modeling the complex phenomena of drying, the use of CFD codes helps 

researchers and food scientists to gain a better understanding of the dynamics and physics of food 

processing operations [8]. Research studies show that the accuracy of different CFD codes varies and that 

simulation results mainly depend on the knowledge and understanding of the user in using the software 

[12].  

Although solar energy is freely available and inexhaustible, its applications are limited by the availability 

of using it. Solar energy is weather dependent, hence, applications that require solar energy such as solar 

drying will only function if there is sufficient solar irradiance available. This problem affects the production 

of many farmers who rely on solar drying. Over the past decades, numerous research studies have been 

conducted to identify ways of harvesting and storing solar thermal energy for later usage [11]. The stored 

thermal energy can be used for applications such as extending drying processes, hot water for household 

applications, heating, and other industrial applications. Researchers have conducted experiments on various 

materials and their capabilities on storing solar thermal energy [11]. In general, thermal energy can be 

stored in the form of sensible heat, latent heat or thermochemical heat energy. Different forms of heat 

storage utilize different materials such as rocks, gravel, water, paraffin wax, and metals to store the energy. 

The heat storage capacity of a thermal energy storage system is mostly dependant on the thermal properties 

of the material and the design of the storage system. As an ongoing improvement on existing solar drying 

technologies, a study incorporating a thermal energy storage system in order to improve the drying process 

of solar dryers is presented in Chapter 7.  

In this study the term maize ear and maize cob will be used interchangeably although both of these terms 

refer to the same meaning. 
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1.2 Statement of the Problem 
 

Nowadays researchers seek sustainable development through the utilization of energy sources that have 

little or no adverse impact on the environment. In most rural areas of South Africa, maize (Zea mays L.) is 

the most important grain crop which is cultivated, consumed directly and serves as a staple diet for the 

majority of the population. Drying of maize ears in rural areas is still practiced in an open direct sun drying 

method which leads to major losses and poor maize quality. This is due to the lack of technical solutions to 

dry the harvested food and preserve it. A substantial amount of research work has been conducted on drying 

grain using solar energy by means of natural and forced convection but there is still rooms for improving 

performance. Many researchers have developed protypes to assess the performance of the solar dryers, but 

they have not conducted any modeling of the driers to predict the end results and evaluate them for 

performance improvement. Research studies show that a mixed-mode solar dryer using forced convection 

offers better drying compared to other types of solar dryer [4,5,10]. This calls for further research on solar 

grain drying, particularly drying of maize, using a mixed-mode solar dryer.  

 

Solar dryers with enhanced performance can lead to desirable properties of dried food such as the right 

moisture content, less damaged grain, low mold count, and high nutritive value. The use of software 

presents an efficient and reliable way to model and simulate real world problems in order to optimize design 

systems. Simulation modeling studies are therefore needed for the efficient design and operation of solar 

dryers. They allow for the prediction of airflow, temperature effect, radiative effect, flow behavior and 

humidity inside the dryer. The research works that are presented in this study are based on a solar dryer 

developed for a previous project by the Department of Mechanical Engineering at the University of 

KwaZulu-Natal, South Africa [9]. Initially, this solar dryer prototype was designed as an indirect solar dryer 

and its thermal efficiency was found to be 36%. The prototype was used to dry synthetic fecal sludge. 

Findings of the experiment were that the dryer was able to dry synthetic fecal sludge in 12 hours from an 

initial moisture content of 70 % wb to 20 % wb [9]. In order to improve the thermal performance and drying 

process of this indirect solar dryer system it was necessary to change its operation to mixed-mode operation 

with forced convection, and incorporate a preheater to aid the solar collector. Hence, in this study the solar 

dryer was adapted for modeling and experimental validation to compare results of mixed-mode operations 

with forced convection preheated air in which maize ear/maize cobs were dried.  
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1.3 Research Aim 
 

The aim of this study was to investigate solar drying technologies in terms of performance enhancement of 

a forced convection mixed-mode solar grain dryer that incorporated a preheater through modeling and 

optimization. An experiment was undertaken to gain a better understanding of the effects of forced 

convection and air preheating on airflow and temperature distribution in a solar dryer and whether this 

improves drying time. 

 

1.4 Research Objectives 
 

To realize the previously mentioned aim, the research focused on the following objectives: 

 

 Create and evaluate a simulation model in ANSYS Fluent CFD code. The model was conducted at 

various environmental conditions to predict and simulate the operational parameters of an actual 

solar grain dryer using maize ears as the drying product. 

 

 Compare the simulation model by means of an on-site experiment to provide ways of improving 

solar drying for sustainable farming. 

 

 Investigate the behavior of the drying fluid inside the dryer through modeling and simulation using 

the CFD code. 

 

 Establish the effect of a preheater on the performance of an experimental forced convection mixed-

mode solar dryer. 

 

1.5 Research Questions 
 

This research work aimed to answer the following questions: 

 Is the simulated model consistent with the on-site experimental results? 

 How does forced convection and air preheating affect the performance of a solar dryer system? 

 What is the optimal combination of drying parameters that can maximize drying efficiency of the 

solar dryer system? 

 Is the drying time improved? 
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1.6 Scope of Study and Limitations 

The scope of this research focuses on the use of a forced convection solar grain dryer with a preheater, 

operating as a mixed-mode dryer. In this operation, the drying air is heated in two stages whereby in the 

first stage an electrical air heater is used to raise the temperature of air, and a solar collector is used in the 

second stage to further increase the air temperature. The process of two stage air heating was introduced in 

this study to facilitate the reduction of humidity level of the drying air and enhance moisture removal rate 

during the drying process. In this study, maize ear/maize cobs were used for the experiment to investigate 

solar drying of grains. The modeling and simulation of the solar dryer system and of the fluid flow and heat 

transfer within the solar dyer system was carried out using a 3-dimensional computer-aided drawing (CAD) 

code (SolidWorks) and a CFD code (ANSYS Fluent), respectively. The simulation results were validated 

against experimental results. To facilitate force convection drying during the experiment, the solar dryer 

used compressed air whose pressure and air flow was regulated through a filter-pressure regulator and 

needle flow control valve, respectively. The preheating of air was limited to a maximum of 40 ℃ and the 

air flow velocity was varied from 0.5 m/s to as high as 2 m/s.  

1.7 Chapter Outline 

This research work conducted on the study of a forced convection mixed-mode solar grain dryer with a 

preheater is structured in chapters. Some of the chapters such as Chapters 2, 3, 5, 6, and 7 have been written 

as research papers that were published in various journals. This dissertation is structured as follows: 

Chapter 1 – Introduction: This chapter presents the introduction of solar thermal energy technology in 

relation to solar drying of agricultural products but mainly focusing on grains. It also introduces the 

importance of using CFD codes in analyzing solar dryer systems. Furthermore, it highlights the relevance 

of the research work carried out in this dissertation including research aim, objectives and research 

questions.  

Chapter 2 – Review of Solar Grain Drying: This chapter presents a review of literature pertaining to solar 

drying technologies. It seeks to identify gaps that are of interest for further research on solar drying. It also 

presents principles and theory of food drying.  
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Chapter 3 – Computational Fluid Dynamics in Solar Drying: This chapter presents research work that 

has been published on the theory, principles, and applications of CFD in solar drying. It emphasizes the 

importance of CFD in designing, analyzing and enhancing the performance of solar dryer systems.  

 

Chapter 4 – Methodology: In this chapter, a methodological approach to this research work is presented. 

It details the materials and methods taken in order to realize the stipulated objectives of the study. The 

methodology is presented in two parts. The first part presents the methodology of modeling and simulation 

using the CFD code while the second part presents the methodology of the experimental approach. 

 

Chapter 5 – Results and Discussion – CFD Modeling and Simulation: This chapter presents the results 

and discussion of the research work pertaining to CFD modeling and simulation. A thorough analysis of 

the temperature and airflow distribution within the mixed-mode solar dryer system is presented and 

discussed.  

 

Chapter 6 – Results and Discussion – Experimentation: This chapter presents the results and discussion 

of the research work pertaining to the performance of the forced convection mixed-mode solar grain dryer 

with a preheater. It also presents an evaluation of different drying parameters that can be used to improve 

the solar dryer efficiency. The work improves understanding of the effects of preheating the drying air and 

the inclusion of forced convection on mixed-mode solar dryer systems. 

 

Chapter 7 – Optimization of Solar Dryers Through Thermal Energy Storage: Two Concepts: This 

chapter presents a concept paper that was published on the use of thermal energy storage materials to store 

solar energy. It aims at identifying cost-effective solar thermal energy storage systems that can be 

implemented to optimize solar dryers. Conceptual designs of the proposed solar thermal energy storage 

systems are presented and discussed. The goal is to effectively harvest and store solar energy as heat during 

peak sunshine hours and use it during off-peak sunshine hours in order to extend drying processes.  

 

Chapter 8 – Comparison of Results, Overall Conclusion, and Recommendations for future works: 

This chapter present a comparison between experimental results and, CFD modeling and simulation results. 

It further presents an overall conclusion for the thesis, and the recommendations for future works. 
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CHAPTER 2  
 

2. REVIEW OF SOLAR GRAIN DRYING 
 

This chapter presents work that was published under the title “Review of Solar Grain Drying” in the 

International Journal of Mechanical Engineering and Technology (IJMET), a journal accredited by the 
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CHAPTER 4  
 

4. METHODOLOGY 
 

4.1 Introduction 
 

The ongoing advancement in computational modeling has contributed significantly to technology 

improvement and the development of robust systems. This includes the use of CFD codes in designing and 

optimizing solar drying systems. As explained in previous chapters, the sets of governing equations 

describing the fluid flow and drying characteristics in the modeled solar dryer are based on Navier-Stokes 

equations and conservation of energy. These equations are solved numerically by iteration on discretized 

domains of the fluid region of interest.  

 

This chapter presents the methodological approach applied to the conducted research works. As briefly 

identified in Chapter 1, the research study is composed of works conducted on CFD and those of the 

experiments. In this chapter, the methodology has two parts. Part 1 of the methodology describes the 

approach to CFD application regarding the solar dryer. This covers the modeling and simulation of the solar 

dryer to predict its drying capacity using maize ear as the grains in drying. Part 2 covers the experimental 

methods to validate the predicted results of Part 1 and optimize the dryer system accordingly. Both the CFD 

analysis and experiments were conducted during the month of October. 

 

4.2 Research Site 
 

The research was conducted at the University of KwaZulu-Natal, Howard college campus in Durban located 

at 29.9° South, 30.98° East, and at an elevation of 151.3 meters above sea level. The city has a hot humid 

subtropical climate with temperatures ranging from as low as 9.4 °C in winter to as high as 30.8 °C in 

summer. According to metrological data from the Virginia weather station in Durban, the relative humidity 

of this coastal town can be as high as 95 %. Further research also indicates that the daily average sunlight 

hours of Durban is around 6 hours and 24 minutes per year. While the annual average values of direct 

normal irradiance (DNI) and global horizontal irradiance (GHI) are 1574 kWh/m2 and 1638 kWh/m2, 

respectively [1].  
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4.3 Part 1: Modeling and Simulation 
 

This part describes the use of CFD in solar drying. A model of the actual solar dryer was created and 

simulated to predict the drying of maize ears. The summarized flow chart for the methods applied in this 

part are shown in Figure 4-1. As indicated, the flow chart comprises three sections: Pre-Solving, Solving, 

and Post-Solving. It should be noted that only the first two sections (Pre-Solving and Solving) are part of 

the methodology, and discussed in this chapter. 

  

 

Figure 4-1 Summarized flow chart of modeling and simulation. 

 

4.3.1 Model Creation 

 

As previously explained regarding CFD analysis, the accuracy of the results is dependent on many factors 

including the software used in modeling and simulation. Despite the type of software, the user knowledge 

in using the software is also a contributing factor. The choice of which CAD software to use in creating the 

model geometry was between Autodesk Inventor and SolidWorks software. Autodesk Inventor and 

1. Pre-Solving

Model creation

Mesh generation

2. Solving

Defining the model's physics

Discretization of the mathematical equations

Applying the boundary conditions

Simulation of the model

3. Post-Solving

Display of the results 

Results verification

Results print out

Results 

Methodology 
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SolidWorks are both 3D modeling software with exceptional reputations and widely used in many 

engineering applications including modeling and designs. One of the advantages of 3D CAD is the 

flexibility to allow the user to easily make changes on the model geometry before and after simulation.  

Both of these software codes were freely available for usage in the Department of Mechanical Engineering, 

hence there was no need of purchasing a copy. The researcher was better acquainted with and confident in 

using SolidWorks software to design and create 3D models. Hence, in this study, SolidWorks 2018 software 

was used to create the model of the actual mixed-mode solar grain dryer to be used in the experiment. 

Figure 4-2 shows the overall model of the solar dryer that was created for the drying simulation purpose. 

Figure 4-2 CFD Model of the mixed-mode solar dryer system. 

The model was created using the measured dimensions of the existing solar dryer that was used for 

experimental validation. As seen in Figure 4-2, a model representation of maize ears was included in the 

drying chamber to mimic the actual phenomena during drying. Different arrangements of the maize ears 

inside the dryer will be discussed in later sections to study the fluid behavior inside the chamber. One of 

the important factors in conducting CFD analysis is to consider the available computational power yet retain 

acceptable and quality results. Hence, during model creation it was necessary to focus on the key 
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components of the dryer system that have vital roles during drying and create a simplified system. A 

simplified yet accurate system allowed mesh generation and discretization to be carried out within a short 

period of time without overloading the computer. During this study, all works pertaining to CFD analysis 

were carried out under the available computational power consisting of a: 

 Processor: Intel® Core™ i7-2600 CPU,

 Processor speed: 3.40 GHz and 3.40 GHz,

 RAM: 8.00 GB, and

 Hard Drive rotational speed: 7200 RPM.

4.3.2 Simulation Software Selection 

Selection of the right 3D simulation software to appropriately predict the actual drying phenomena of the 

solar dryer is crucial in this study. The simulation also needed to be carried out with a convenient and yet 

accurate software. Research findings indicated that there are many robust and reputable CFD software codes 

that are capable of modeling and simulating heat and mass transfer problems such as ANSYS Fluent, 

Comsol Multiphysics, Star CCM+, OpenFOAM, PHOENICS, CFD 2000, etc. [2, 3, 4]. Apart from these 

CFD codes, further research findings indicated that software such as SolidWorks and Autodesk have flow 

simulation packages within their programs that the user can use to accurately simulate flows. 

In this study, it was necessary to keep the expenditure low yet deliver good quality research findings. It was 

therefore necessary to make use of the materials that were locally and freely available within the School of 

Engineering. The selection of the right simulation software was between four software codes that were 

freely available for students within the Department of Mechanical Engineering. The choice was between: 

 ANSYS Fluent,

 Start CCM+,

 SolidWorks Flow Simulation, or

 Autodesk Flow Simulation.

Both ANSYS Fluent and Star CCM+ have proven to be very good CFD codes with high accuracy in 

simulating various flow regimes including those of complex geometries. However, the researcher was not 

familiar with using Star CCM+, hence, the choice was reduced to three simulation software codes 

(ANYSYS Fluent, SolidWorks and Autodesk Flow Simulation packages) that the researcher was familiar 

with. Both SolidWorks and Autodesk Flow Simulation packages have proven to be very good in accurately 

simulating heat transfer problems, but have limited capacity on flows involving mass transfer. This resulted 
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in selection of ANSYS Fluent to simulate the drying phenomena of the solar dryer in this study. The use of 

ANSYS Fluent in simulating solar dryers is also emphasized in various studies such as those conducted by 

Demissie et al. [5], Romero et al. [6], and Román-Roldán et al. [7], among others. 

 

4.3.3 Mesh Generation 

 

The process of mesh generation is the next step to follow after creating a model. This process is crucial in 

achieving good quality results, hence a well-defined mesh is necessary. Considering the available 

computational power, it was necessary to divide the CFD analysis of the solar dryer system into three 

individual sub-systems (1) Preheater-to-solar collector, (2) Interconnector flow channel, and (3) Drying 

chamber. In this way, each sub-system was analyzed independently using the outputs of the preceding sub-

system as its inputs.  

 

4.3.3.1 Preheater-to-Solar Collector System  

 

The main reason a heater was introduced in this study was to pre-heat the ambient air to a set temperature 

which in turn raises its temperature and lowers its humidity before entering the solar collector. For the 

purpose of CFD analysis, the preheater is represented by a pre-defined input temperature required at the 

solar collector inlet. Hence, mesh generation was only carried out on the solar collector.  

 

The general approach to CFD analysis involves concentrating on the regions of interest. Thus, in creating 

the mesh of the solar collector it was necessary to focus on the region of the solar collector flow channel 

which was composed of the air passage and the drying air volume. The air passage is responsible for 

capturing the solar energy and the air volume is responsible of conveying this energy to the drying chamber. 

Because the model was created in the SolidWorks platform, it had to be imported into ANSYS Fluent as a 

body. Figure 4-3 shows the flow channel before and after the mesh had been generated.  
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Figure 4-3 Unmeshed (left) and 3D Mesh of the solar collector flow channel (right) in ANSYS Fluent. 

The main component of the solar collector was the channel where the drying air flows through and gains 

heat. As shown in Figure 4-3 (left), the channel was modeled with the actual dimensions of the existing 

solar dryer. For better visualization the inner surface walls in the model are shown with a green color but 

in reality, both the inner surface walls and base were painted with a black color to improve absorptivity. 

Because the flow channel body consisted of two geometries, a mesh was created for the air passage 

geometry and another mesh for the air volume geometry. The ANSYS software version 19.2 used in this 

study was for academic purposes and its meshing capability was limited to 512K cells/nodes [8]. 

Considering the software limitation and computational power, various meshing trials resulted in the final 

choice of applying the following mesh criteria: 

 8 mm mesh element size for the whole body except at contact regions where the element size was

reduced to 3 mm to improve accuracy. Contact regions are where the air volume particles interact

with the solid walls of the absorber during convection heat transfer.

 For the air volume geometry, a minimum element size of 0.3 mm was allowed to capture curvature

flow. This was essential because the flow channel consisted of sharp corners.

 Tetrahedron mesh type for the whole body.

 Five inflation layers were applied on the walls and base of the air volume geometry. This was

necessary in order to improve the quality of the results since these were the areas where convection

heat transfer would take place between the solar energy absorbing surface and the drying air.

Figure 4-4 below shows a closer view of the inflation layers and the tetrahedron mesh generated for the 

drying air volume as extracted along the air passage of the solar collector. 
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Figure 4-4 Closer view of the mesh and inflation layers for the air volume in ANSYS Fluent. 

 

4.3.3.2 Interconnector Flow Channel 

 

The actual interconnector flow channel on the existing solar dryer was made up of four insulated flexible 

ducts joined together with a 4-way pipe fitting. In this case, the body that was created for meshing was the 

air volume occupying the flow channel. It was created in SolidWorks and imported into ANSYS Fluent. 

Figure 4-5 shows the meshed interconnector flow channel as carried out for CFD analysis. To maintain 

consistency, the mesh criteria applied to this body were kept the same as those of the air volume from the 

solar collector. 
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Figure 4-5 3D Mesh of the interconnector flow channel. 

 

4.3.3.3 Drying Chamber 

 

The drying chamber is the most critical part of the dryer system and careful consideration is needed during 

meshing to ensure the real drying scenario is predicted accurately. To perform CFD analysis on the drying 

chamber, a fluid volume occupying the internal space of the chamber needed to be created for meshing 

purposes. The fluid volume was created in SolidWorks by extracting it from the solid body of the drying 

chamber using a Boolean operation method. This volume is of central interest since it is responsible for 

moisture evaporation from the maize ear surfaces during the drying period. The drying chamber model 

including the maize ears indicated with a light green color while the fluid volume is indicated with a brown 

color for visualization purposes. Figure 4-6 shows the structural body model of the drying chamber with its 

cross-sectional view indicating the extracted volume. 
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Figure 4-6 Drying chamber model (left) and cross-sectional view of the chamber (right) created in 

SolidWorks. 

In optimizing the mesh quality for the drying chamber, one has to consider the complexity of the fluid 

domain and the computational power available for numerical analysis during solving. There is a 

combination of heat and mass transfer inside the drying chamber, particularly around maize ears where 

evaporation of moisture is anticipated to take place. This necessitated the need for refining the mesh in the 

regions close to the maize ears. Various mesh trials with different criteria were evaluated to identify the 

most suitable setup for the CFD analysis. In setting up the mesh, the criteria selected for further CFD 

analysis was as follows:  

 8 mm mesh element size for the whole drying chamber body except at contact regions where the

element size was further reduced to 2 mm to improve accuracy and capture the heat and mass

transfer during evaporation.

 A local minimum size of 0. 6 mm was allowed so as to capture curvature flow. It can be seen that

in this case the element sizes around the curvatures were bigger than those of the meshes in the

previous section. This is because in the drying chamber there were many curvatures which might

have increased the computational cost if the local minimum sizes were lowered significantly.

 Again, in this scenario, tetrahedron meshes were still used, primarily to promote consistency during

numerical calculations but also to lower computational cost. Research indicated that it is easier to

achieve a good mesh quality and compatible with meshing complex geometry using a tetrahedron

mesh [8].
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 The element order was set to quadratic instead of linear order. This is because in quadratic element 

order the mesh is created with middle nodes to increase the degree of freedom and improve results 

accuracy.  

 The quality of the mesh was kept at medium level with a more refined mesh closer to the wire mesh 

as shown in Figure 4-7 and Figure 4-8. The wire mesh holds the maize ears and contains tiny holes 

that allow drying air to circulate around the maize ears in order to promote evaporation of moisture. 

 The number of inflation layers in regions of potential interest such as around the maize ears, flow 

inlets and outlet were increased to seven layers to improve accuracy. 

 

The tetrahedron mesh generated from the fluid volume body which was imported in ANSYS Fluent is 

shown in Figure 4-7 and Figure 4-8. 

 

 

Figure 4-7 3D Mesh of the fluid volume inside the drying chamber. 

 

 



60 
 

 

Figure 4-8 Cross-sectional view of the mesh (Top) and closer view of the refined mesh (bottom). 

 

4.3.4 Simulation Assumptions  

 

In this study it was necessary to employ several assumptions in the modeling and simulation of the solar 

dryer to accurately predict its performance. Valid assumptions are generally acceptable in engineering 

designs to assume characteristics of complex systems and processes which are otherwise difficult or 

impractical to achieve. In modeling the forced convection mixed-mode solar grain dryer with a preheater, 

the following assumptions were made: 

 

 The analysis is considered under steady-state conditions for a constant solar irradiation. This is to 

simplify the CFD analysis but in reality the solar irradiation will vary with time throughout the day. 

Other factors such as weather conditions have effects on the amount of solar irradiation received 

by the solar dryer system. 

 

 All maize ears inside the drying chamber are assumed to have the same initial moisture content. In 

reality the initial moisture content will vary from one maize ear to another due to various factors 
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such as time harvested, size of maize cob, susceptibility to moisture reabsorption, etc. All these 

factors affect the evaporation rate of different maize ears. 

 

 The initial temperature of grains on the maize ears is the same as the drying air temperature inside 

the chamber. In practice different components inside the chamber will initially absorb heat as the 

drying chamber warms-up leading to an increase in internal temperature. 

 

 The small amount of heat loss inside the solar collector and around the interconnector flow channel 

is neglected for the purpose of CFD analysis. 

 

 It is assumed that all the incident sun rays received by the solar dryer system are Direct Normal 

Irradiance (DNI) rays and the surfaces that are not perpendicular to incident sun rays receive an 

effective 20% of the DNI. The average DNI for Durban was used for the CFD analysis although in 

reality the DNI will vary each day depending on the weather conditions.  

 

 Internal walls of the interconnector flow channel are considered very smooth in order to neglect 

internal flow losses. In practice there will be losses due to surface roughness inside the duct, but 

theses will be minimal. 

 

 The drying chamber of the actual solar dryer consists of a black-painted frame structure which is 

neglected in the CFD analysis. This is simply because the effective area of the structure inside the 

chamber is less significant for drying although in practice a small portion of the incident solar 

irradiation will be absorbed by the structure. 

 

 The glazing material covering the entire drying chamber does not absorb any incident solar 

irradiation. Although most of the incident solar irradiation is transmitted through the glass, in reality 

a small portion of the incident rays will be absorbed. 

 

4.3.5 Model Descriptions 

 

In this section, the three sub-systems of the dryer system are fully described by defining and assigning 

relevant boundary conditions which allow the respective equations governing the fluid dynamics to be 

computed. However, before defining the model, the inputs to simulations need to be defined. It is clear that 

one of the factors affecting solar drying is atmospheric conditions. Because atmospheric air temperature 
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and relative humidity are parameters that change with time it was necessary to come up with average input 

parameters for the drying air entering the preheater to be used for the CFD analysis. Essentially this 

eliminated the need for having various temperatures and relative humidity of air at the preheater inlet for 

all the simulations, although these parameters were measured during the experiment. Therefore, to simulate 

drying for October weather conditions, the simulation was conducted based on the local weather data 

collected for the past three years (2017-2019) in order to incorporate adverse weather conditions of the 

month. The weather data used in this study were obtained from the Virginia weather station in Durban.  

The data extracted from the weather station were daily values. Therefore, it was necessary to calculate the 

weekly average data in order to simplify the analysis as shown in Table 9-1 (Appendix A). With the use of 

this weather data, it was possible to determine and make use of the average minimum temperature and 

average maximum temperature as input parameters for the drying air entering the preheater. The flowing 

sub-sections give a thorough overview of the model descriptions for the solar dryer system. 

4.3.5.1 Preheater-to-Solar Collector System 

In this study the preheater was used to heat the ambient air and increase the air temperature at the inlet to 

the solar collector from 30 °C and 40 C°. Using Table 9-1 it was necessary to select the most suitable input 

parameters (temperature and relative humidity) for the preheater which would enable the input parameters 

to the solar collect to be identified for CFD analysis. Considering the worst-case scenario of a low 

temperature/high humidity month which would correspond to a slower drying rate, the ambient air was 

assumed to have a calculated temperature and relative humidity of 15.2 °C and 90 %, respectively (see 

Appendix A for calculations). It is fundamentally known that increasing the temperature of air affects its 

relative humidity, therefore it was necessary to calculate the resulting relative humidity of air at the output 

of the preheater. Table 4-1 shows the calculated relative humidity of air corresponding to the desired output 

temperature of the preheater (see Appendix A for calculations). 

Table 4-1 Predicted temperature and relative humidity of air at inlet and outlet of the preheater. 

Input Output 1 Output 2 Output 3 

Temperature (°C) 15.2 30 36 40 

Relative Humidity (%) 90 39 28 23 

To simulate forced convection in the drying process, the CFD analysis was conducted by varying the air 

flow velocity (0.5 m/s to 2 m/s) within the solar dryer system. In ANSYS Fluent the 3D meshed model of 
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the solar collector (shown in Figure 4-3) was discretized using the pressure-based solver and assigned 

different boundary conditions as follows: 

 Inlet flow conditions – The temperature and relative humidity at inlet was set equal to the values

of Output 1 in Table 6 for all air flow velocity (0.5 m/s, 1 m/s, and 2 m/s). This process was repeated

using the same air velocity range for all the different input conditions (Output 2, and Output 3).

Turbulence intensity was varied between 5 % and 8 % to account for minor turbulence through the

flow passage.

 Outlet flow conditions – At outlet, it is a pressure outlet boundary condition whose pressure is the

same as the atmospheric pressure at sea level, 1 bar.

 Viscous model setup – For all simulations carried out, the viscous model that was applied was the

Realizable 𝑘 − 𝜀 model with standard wall functions. This model was suitable for the flow regime

and offered accuracy at low computational cost.

 Energy setup – The energy model was activated and a surface-to-surface radiation model was used

to account for the radiation effect. A heat flux of 155.8 W/m2 was applied in relation to the absorber

surface of the solar collector.

 Materials – The solid material was copper while the fluid was air. Default properties of air available

in ANSYS Fluent library were used while the properties of the copper material used were as

follows:

- Density = 8978 kg/m3

- Specific heat = 381 J/kg.K

- Thermal conductivity = 387.6 W/m.K

 Solution methods – Pressure-to-velocity coupling using SIMPLEC scheme and a skewness

correction factor of 1 with least square cell-based gradient interpolation method was used. Hybrid

initialization was used instead of standard.

 Calculation setup – The maximum number of iterations was first set to 200, however it was realized

that the solutions seemed to be converging after 100 iterations as shown in Figure 4-9. Residual
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errors were set to a maximum level of 0.0001 to ensure the solution converged with an acceptable 

accuracy. 

 

 

Figure 4-9 Residual errors at different iterations. 

 

The schematic of the heat transfer within the solar collector is shown in Figure 4-10. As shown, the figure 

is a cross-sectional view of the flow passage (discussed in section 4.3.3.1), which is the component 

responsible for capturing solar irradiation.  

 

 

Figure 4-10 Schematic diagram of the heat transfers within the solar collector. 
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The brown color represents insulation around the air flow passage inside the solar collector. Therefore, it 

was considered that there would be no heat transfer from the absorber walls. All the heat absorbed by the 

absorber walls would be lost through convection and radiation heat transfer. Acronyms shown in Figure 4-

10 are defined as follow: 

 hcon,in (W/m2.K) is the internal convective heat transfer coefficient responsible for the total heat

transfer from the absorber or perspex glass by forced convection.

 hcon,ext (W/m2.K) is the external convective heat transfer coefficient responsible for the total heat

loss from the perspex glass by natural convection of ambient air.

 Gr.sun (W/m2) is the total effective solar irradiation received by the solar collector.

 Qr.glass (W/m2) is the total radiative heat between the absorber surface and the perspex glass surface.

 Qr.sky (W/m2) is the total radiative heat loss to the sky.

In order to model the solar drying phenomenon, the amount of solar irradiation for the proposed area where 

the experiment would be conducted needed to be considered. According to a case study conducted by Suri 

et al. (2015) on accuracy enhancement of South African solar resource maps, Durban has an average direct 

normal irradiance of 1574 kWh/m2 per annum (4.31 kWh/m2 per day). To calculate the effective solar 

irradiation Gr.sun (W/m2) received by the solar collector, the optical properties (shown in Table 4-2) of both 

the perspex glass and absorber material needed to be accounted for. The material used as the absorber was 

commercial black-painted copper. 

Table 4-2 Optical properties of perspex glass and commercial black-painted copper [9, 10]. 

Perspex Black-painted copper 

Transmissivity 92% - 

Reflectivity 8% 6.21% 

Absorbance 0% 93.8% 

In relation to Figure 4-10, the radiation from the sun will first hit the glass. Most of the radiation is 

transmitted to the absorber while a small portion is reflected. In this analysis absorbed radiation by the 

perspex glass was neglected. The amount of radiation transmitted was based on the transmissivity, 𝜏𝑔 and

the amount reflected was based on the reflectivity, 𝑅𝑔. The transmitted radiations are absorbed by the

absorber material based on the absorbance, 𝛼𝑎𝑏 and reflected between the absorber surface and the perspex

glass surface based on the reflectivity 𝑅𝑎𝑏 and 𝑅𝑔. The overall relation was as given in Equation 4-1, giving

an effective solar irradiation considered for heating up the absorber of the solar collector. 
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𝐺𝑟.𝑠𝑢𝑛 =
𝐺.𝜏𝑔.𝛼𝑎𝑏 

1−(𝑅𝑎𝑏.𝑅𝑔)
          (4-1) 

 

The effective solar irradiation Gr.sun (W/m2) was modeled in ANSYS Fluent as a heat flux applied on the 

absorber. Its value was computed from Equation 4-1 using the daily DNI value and the optical properties 

given in Table 4-2.  

 

4.3.5.2 Interconnector Flow Channel 

 

In this section of the solar dryer there would be no heat transfer taking place because the interconnector 

flow channel was an insulated flexible pipe. Its only primary function was to transfer air flow from the solar 

collector to the drying chamber without losing heat. The flow channel was modeled using the output results 

(temperature, flow velocity, relative humidity) of the solar collector as its inputs. Because of an adiabatic 

wall relationship, the temperature at the outlet of the flow channel was not of particular interest for the 

analysis. It was already anticipated that the temperature and humidity at the inlet would be the same as at 

the outlet because of the insulation on the wall. The parameter which would be affected by the geometry of 

the flow channel was the velocity. Hence, the flow velocity at all three outlets of the flow channel needed 

to be computed. 

 

Procedures to discretize and apply boundary conditions were the same as those carried out for the solar 

collector except that in this case the material of concern was the fluid (air). Due to the simplicity of modeling 

the flow channel, it was possible to manually calculate the velocity at both outlets using the continuity 

equation. Since there is no change in temperature in this section, and the density of air was considered 

constant. 

 

4.3.5.3 Drying Chamber 

 

In this section, results of calculations at the outlets of the interconnector flow channel were carried over as 

inputs to the drying chamber model. Essentially, the results at the outlet of the solar collector were used 

except the flow velocity changed when the flow branched into three sections before entering the drying 

chamber.  

 

The drying chamber was constructed from perspex glass with a black-painted aluminum frame structure, 

and its drying tray was made from black-painted aluminum with a wire mesh. For the purpose of the 
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simulation, the frame structure was ignored and only the glazing and the drying tray to hold the maize ear 

were considered in the CFD analysis. 

To carry out the CFD simulation, it was crucial to understand the heat and mass transfer taking place within 

and/or across the drying chamber. Figure 4-11 indicates the schematic of the heat and mass transfer analog 

as perceived for the drying of maize ears. Because the dryer system operated in mixed mode, heat was 

gained from direct sun rays and as well from the heated air entering the drying chamber from the solar 

collector.  

Figure 4-11 Schematic diagram of the heat and mass transfers within and/or across the drying chamber. 

The different acronyms shown in Figure 4-11 are defined as follows: 

 hin (W/m2.K) is the internal convective heat transfer coefficient leading to the total heat transfer

inside the chamber and moisture evaporation from maize ears (indicated with orange color) through

air circulation.

 hcon,ext (W/m2.K) is the external convective heat transfer coefficient responsible for the total heat

loss from the perspex glass by natural convection of ambient air.

 Gr.sun (W/m2) is the total effective solar irradiation received for the drying chamber.
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 Gin (W) is the total heat gained from the hot air entering the drying chamber from the solar collector.

 Qr.glass (W/m2) is the total radiative heat between the surfaces of the drying tray (indicated with

black color), maize ears and perspex glass.

 Qr.sky (W/m2) is the total radiative heat loss to the sky.

 Qround (W/m2) is the total radiative heat loss to the ground.

 Mvap (kg/s) indicates the rate of moisture removal from the maize ears.

The solver setup for the drying chamber was similar to the one carried out in the solar collector section 

except that mass transfer was included in this case. This was necessary in order to model evaporation and 

condensation of moisture from the grains of the maize ears. The analysis aimed to predict drying of the 

grains by lowering its moisture content from 24 % to 13 % moisture content which is the level recommended 

for safe storage. Maize ears were included in the model as solid bodies (for thermal analysis) with a layer 

of water equivalent to their initial moisture content. The model setup was as follows: 

 Inlet flow conditions – The temperature, relative humidity and air velocity from the results of the

preceding sections (solar collector and interconnector flow channel) were used accordingly, as inlet

flow parameters. Turbulence intensity was left as default at 5 %.

 Outlet flow conditions – Similar condition as for the solar collector.

 Multiphase Model – A eulerian model was selected with evaporation-condensation as the eulerian

parameter under Lee model. The number of eulerian phases were set to 3 because there were three

phases (water in the grains, air for drying, and moisture/vapor). Volume fraction parameter was set

for implicit formulation. Evaporation frequency was tuned to 50 and the saturation temperature was

initially set to default value.

 Viscous Model Setup – The realizable 𝑘 − 𝜀 model with enhanced wall treatment was applied to

increase accuracy. 

 Energy setup – Similar conditions as for the solar collector.

 Materials – The geometry of the meshed drying chamber consisted of four domain bodies including

the fluid domain. Apart from air as the fluid material, three solid materials were defined. The solid

materials defined were: (1) aluminum (drying tray), (2) perspex glass (glazing), and (3) maize ears.
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Default properties of air available in ANSYS Fluent library were used while the properties of the 

three solid materials were defined as follows: 

 

(1) Aluminum for the drying tray: 

- Density = 2700 kg/m3 

- Specific heat = 880 J/kg.K 

- Thermal conductivity = 189 W/m.K  

 

(2) Perspex glass (Optical properties are as per Table 4-2): 

- Density = 1190 kg/m3 

- Specific heat = 1270 J/kg.K 

- Thermal conductivity = 0.189 W/m.K  

 

(3) Maize ears. According to research conducted, thermal properties of maize ears are dependent 

on the temperature and moisture content. Based on the study conducted by [11] on maize ears, 

its thermal properties was computed as follows:  

- Density = 760 kg/m3 

- Specific heat, Cp (kJ/kg.K)  

= 1.3066 + 1.2045𝑀𝑑 + 0.0198𝑇       (4.2) 

- Thermal conductivity, Tc (W/m.K)  

= 0.028 + 0.1321𝑀𝑑 + 3.4981 × 10−3𝑇 − 0.128𝑀𝑑
2 − 2.24 × 10−5𝑇2  (4.3) 

 

Whereby “T” and “Md” are the temperature and moisture content of the maize ear, respectively. 

Thus, for every simulation trial, the properties of maize need to be computed based on the 

temperature and moisture content present. 

 

 Solution Methods – Similar condition as for the solar collector. 

 

 Calculation setup – Initially the maximum number of iterations were set to 250 but at 150 iterations 

the solutions seemed to be approaching convergence. The maximum level of residual error was set 

to 0.0001 as for the solar collector.  
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4.4 Part 2: Experimental Validation 
 

In this part, a further study was conducted to validate some of the simulation works that were carried out in 

part 1. The experimental study was conducted using an existing solar dryer system which was adapted for 

the purpose of the study. The experiment was run on various tests and the data was collected.  

 

4.4.1 Materials Used 

 

 A solar dryer system  

 72 fresh maize ears (17 kg batch) 

 A preheater/air heater  

 PID temperature controller 

 An RTD temperature sensor for the temperature controller 

 Solid state relay for the temperature controller  

 Supply of compressed air through an air dryer  

 A needle flow control valve 

 NI USB-6000 data logger 

 Four temperature and humidity sensor probes  

 Electrical wiring, piping and fittings 

 Moisture meter  

 Anemometer 

 Laptop 

 AC/DC voltage supply 

 

4.4.2 Experiment Setup  

 

4.4.2.1 Electronic Control and Data Acquisition  

 

The experimental setup process began by first cleaning the solar dryer system and connecting all the 

necessary fittings to make them suitable for the experiment. The experiment was conducted in an open 

space with no obstruction to direct sunlight. Since the experiment included electronic control and data 

acquisition, necessary arrangements to connect the electronics were made. Four sensor probes (denoted S1, 

S3, S4, and S5 in Figure 4-12) were connected to the NI USB-6000 data logger to monitor the temperature 

and relative humidity at four positions across the solar dryer system as shown in the Figure 4-12. The heat 
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generated by the heating elements in the preheater was controlled by the PID temperature controller through 

a solid state relay (denoted as SSR in Figure 4-12) and a feedback temperature sensor, S2. Figure 4-12 

shows the electrical control layout and connections between various components of the experiment.  

 

 

Figure 4-12 Electrical control layout and connections of the solar dryer system. 

 

The four sensor probes (denoted S1, S3, S4, and S5 in Figure 4-12) used in the experiment were 

HTM2500LF probes. In each probe there were two separate sensors, one for measuring the temperature 

while the other measures humidity (see Appendix B for specifications). The temperature sensor S2 was a 

resistance temperature detector (RTD) type sensor. As shown in Figure 4-12, sensor probe S1 measured the 

temperature and humidity at the preheater inlet, sensor probe S3 and sensor probe S4 measured temperature 

and humidity at the solar collector inlet and outlet, respectively, and sensor S5 measured temperature and 

humidity at the drying chamber outlet. 

 

As shown in Figure 4-12, the data were retrieved through DAQ Express software installed in a laptop which 

was linked to the NI USB-6000 data logger using a high-speed USB data cable. The data logger was 

powered by a separate DC voltage supply while the heating elements and temperature controller were 

powered by AC voltage supply. The dashed line indicates the flow of air through the solar dryer system. 

Due to financial constraints, some of the equipment used in the experiment (such as the preheater to heat 

the air) were sourced within the School of Engineering. During the process of setting up the experiment, it 

was noticed that the preheater/air heater that was available for usage was dismantled, and, anyway, it did 

not have a temperature control circuit for regulating the output air temperature from the heater. This 
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necessitated the need to incorporate a suitable temperature control circuit for the preheater. Through 

research, it was found that it would be most economical and efficient to use a PID controller to control the 

temperature of the preheater in conjunction with a thermocouple sensor and a relay to switch the heating 

element on/off. Figure 4-13 and Figure 4-14 show photos of the preheater before it had a temperature 

controller and after the temperature controller was incorporated in its circuit, respectively. 

 

 

Figure 4-13 Preheater before modification. 

 

 

Figure 4-14 Preheater after modification. 
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The PID temperature controller was selected and purchased based on the power ratings of the heating 

elements. Another modification that was made on the preheater was to lower the power consumption of the 

heating elements. Initially the preheater was constructed with three heating elements that were connected 

in parallel and drawing a total current of 20 amperes (see Appendix B for the heating elements). To prevent 

high power consumption and possible overheating of circuit wiring, one heating element was disconnected, 

leaving the preheater with two heating elements connected in parallel which reduced the wattage from a 

maximum 4500 watts to 3000 watts.  

 

4.4.2.2 Complete System Setup  

 

The full setup of the experimental forced convection mixed-mode solar dryer with a preheater system is 

shown in Figure 4-15. More photos of the different components of the solar dryer system can be found in 

Appendix C. The system was set up on the roof top of a building where there were no obstructions and 

sufficient sunlight could be captured for optimum drying performance. 

 

 

Figure 4-15 Complete experimental setup of the solar dryer system. 
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To induce a forced convection flow of air for the dryer system, a flow of compressed air through a filter-

pressure regulator and a needle flow control valve was used for the experiment. A blower could have been 

used, but it was found that it would be cheaper to use the compressed air supply that was already installed 

on-site. Although thermal conductivity of polyethylene is very small, the polyethylene tubing between the 

preheater and solar collector was insulated to prevent a significant loss in air temperature. A bag containing 

72 fresh maize cobs was purchased from a local farmer in the vicinity of Durban and a moisture analyzer 

was used for determining the moisture content.  

  

4.4.3 Experimental Procedures  

 

To obtain the correct readings of the measurements during the experiment, it is of vital importance that 

sensors are calibrated. Calibration of the sensors was the initial step in conducting the experiment and it 

was a necessity since some of the sensors were used sensors. A portable digital temperature-humidity probe 

(shown in Appendix B) was used in the calibration of the sensors. During the calibration process a dry-run 

test was carried out whereby the readings from the four sensors were compared with the one measured by 

the portable digital sensor probe. By comparing the readings, the sensors were found to be functioning 

accurately and their readings were in close tolerance with those of the portable digital sensor probe. Hence, 

they were deemed calibrated and functioning as required. Upon completion of sensor calibration, the 

experiment was conducted as follows: 

 

a) Securely position the sensor probes at their respective ports of the dryer system. One sensor probe 

at the inlet of the preheater, one sensor probe at the outlet of the solar collector, one sensor probe 

at the inlet of the drying chamber and another one at its outlet. 

 

b) Prepare 8 maize cobs by removing the corn husks and measure the moisture content of each maize 

cob using the moisture meter. Since the moisture content of each cob differed slightly from one 

another, an average moisture content was used as the initial moisture content of all 8 maize cobs. 

Record the initial moisture content. 

 

c) Turn on the compressed air supply line to induce a high flow of air. 
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d) Set the air flow at the inlet of the solar collector to approximately 0.5 m/s. This is achieved by 

adjusting the handle of the installed needle flow control valve and using the anemometer to achieve 

the desired air flow. 

 

e) Set the temperature of air at the outlet of the preheater to approximately 30 ℃. This is achieved by 

setting the desired temperature on the digital display of the temperature controller. 

 

f) Evenly place 6 maize cobs on the tray in the drying chamber and 2 maize cobs on the tray in the 

open sun. Ensure the tray is closed and sealed. 

 

g) Connect the USB cable from the NI USB-6000 data logger to the laptop the laptop and open the 

DAQ Express software application.  

 

h) Once the software application opens, choose analog inputs and add 8 input channels, because there 

are two input signals (temperature and humidity) from each sensor probe. 

 

i) On the software application, change the sampling rate to 9 minutes (0.00185185 Hz) so that the 

measurements are taken every after 9 minutes. This will avoid the sensors taking measurements 

every second which is not a necessity for the experiment and will take up too much memory space 

on the computer.  

 

j) Using the software application, start recording the readings from the four HTM2500LF sensors 

until the desired final moisture content of maize cobs is achieved. 

 

k) While the laptop monitors and stores readings from the four sensors, use the moisture meter to keep 

measuring and recording the moisture content of the maize ears inside the drying chamber and in 

the open sun every after 20 minutes for the first hour then every 15 minutes thereafter. 

 

l) Maintain the drying parameters until a moisture content safe for grain storage is achieved. The 

recommended moisture content for safe storage of grains is 13 % wb or less. 

 

m) Once a moisture content of less than 13 % wb is achieved, repeat the above steps for the following 

drying parameters:  
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 Air flow at 0.5 m/s and preheater temperature of 35 ℃.

 Air flow at 0.5 m/s and preheater temperature of 40 ℃.

 Air flow at 1 m/s and preheater temperature of 30 ℃.

 Air flow at 1 m/s and preheater temperature of 35 ℃.

 Air flow at 1 m/s and preheater temperature of 40 ℃.

 Air flow at 2 m/s and preheater temperature of 30 ℃.

 Air flow at 2 m/s and preheater temperature of 35 ℃.

 Air flow at 2 m/s and preheater temperature of 40 ℃.

n) Safely disconnect all electronic device from the power supply and analyze the data.
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CHAPTER 5  
 

5. MODELLING AND CFD SIMULATION OF TEMPERATURE AND 

AIRFLOW DISTRIBUTION INSIDE A FORCED CONVECTION 

MIXED-MODE SOLAR GRAIN DRYER WITH A PREHEATER  

 
This chapter presents work that was published under the title “Modelling and CFD Simulation of 

Temperature and Airflow Distribution Inside a Forced Convection Mixed-Mode Solar Grain Dryer with a 

Preheater” in the International Journal of Innovative Technology and Exploring Engineering (IJITEE). A 

journal accredited by the Department of High Education and Training (DHET) of South Africa. 
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CHAPTER 6  
 

6. PERFORMANCE EVALUATION OF A FORCED CONVECTION 

MIXED-MODE SOLAR GRAIN DRYER WITH A PREHEATER 

 
This chapter presents work that were published under the title “Performance Evaluation of a Forced 

Convection Mixed-mode Solar Grain Dryer with a Preheater” in the International Journal of Innovative 

Technology and Exploring Engineering (IJITEE). A journal accredited by the Department of High 

Education and Training (DHET) of South Africa. 

 

To cite this article:  
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CHAPTER 7 

7. OPTIMIZATION OF SOLAR DRYERS THROUGH THERMAL

ENERGY STOREAGE: TWO CONCEPTS

This chapter presents work that were published under the title “Optimization of Solar Dryers through 

Thermal Energy Storage: Two Concepts” in the International Journal of Engineering Research and 

Technology (IJERT). A journal accredited by the Department of High Education and Training (DHET) of 

South Africa. 
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(IJERT), 13(10), 2020, pp. 2803-2813. 
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CHAPTER 8 

8. COMPARISON OF RESULTS, OVERALL CONCLUSION, AND

RECOMMENDATIONS FOR FUTURE WORKS

8.1 Comparisons of Results 

There are several errors to consider when comparing the experimental results in Chapter 6 with those 

obtained through modeling and simulation as presented in Chapter 5. This is because during CFD 

simulation several assumptions were made to simplify the model and reduce computational cost. Some of 

the crucial assumptions that were made were: 

 The analysis is considered under steady-state conditions for constant solar irradiation. This was to

simplify the CFD analysis but, in reality, solar irradiation will vary with time throughout the day.

Other factors such as weather conditions affect the amount of solar irradiation received by the solar

dryer system.

 All maize ears inside the drying chamber are assumed to have the same initial moisture content. In

reality, the initial moisture content will vary from one maize ear to another due to various factors

such as time harvested, size of maize cobs, susceptibility to moisture reabsorption, etc. These

factors will affect the evaporation rate of different maize ears.

 The initial temperature of grains on the maize ears is the same as the drying air temperature inside

the chamber. In practice, different chamber components initially absorb heat as the drying chamber

warms-up prior to insertion of the maize ears and the start of the experiment, leading to an initial

increase in internal temperature.

 There is negligible heat loss across the dryer system. In practice, heat loss through the dryer wall

can be significant depending on the ambient conditions.

 Simulation was conducted for a constant average solar irradiation of Durban. In actual fact, drying

depends on the available incident solar irradiation, which varies with time throughout the day.
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In this study, the inclusion of assumptions led to some errors and deviations in results. Nevertheless, a very 

good correlation between experimental and simulation results for the temperature distribution was achieved. 

Flow characteristics are also in good agreement with experimental results although small air leakages were 

experienced at some parts of the solar dryer during the experiment. The experiment was conducted at 

various input drying parameters as stipulated in the methodology section. Therefore, to draw a fair 

comparison for the entire range of results, the results for the highest temperature recorded at minimum 

drying and maximum drying conditions should be compared. At minimum drying condition, the drying 

airflow speed was set at 0.5 m/s and preheated to 30 ℃. At maximum drying condition, the drying airflow 

speed was set at 2 m/s and preheated to 40 ℃. Table 4 compares the highest temperature performance 

results at the minimum and maximum drying parameters between the experiment and simulation methods. 

 

Table 8-1 Comparison of drying temperature between experimental and simulation results. 

Solar Dryer 

component 

Experiment Simulation Relative Errors 

At Minimum 

Drying 

At Maximum 

Drying  

At Minimum 

Drying 

At Maximum 

Drying  

At Minimum 

Drying 

At Maximum 

Drying  

Solar 

collector 

outlet 

60.51 ℃ 78.29 ℃ 59.7 ℃ 70.5 ℃ 1.3 % 10 % 

Drying 

chamber 

inlet 

62.54 ℃ 74.95 ℃ 54.8 ℃ 64.1 ℃ 12.4 % 14.5 % 

Drying 

chamber 

outlet  

43.12 ℃ 45.19 ℃ 36.1 ℃ 47.4 ℃ 16.3 % -4.9 % 

 

The margins between experimental and simulation results were not more than 20 % which indicated a 

correlation of results with a maximum relative error of 16.3 % at minimum drying and 14.5 % at maximum 

drying. This shows a good correlation therefore validating the experimental results, although some of the 

results were underpredicted. Another critical parameter that was not included in the comparison analysis 

was relative humidity across the solar dryer system. During simulation analysis, it was complicated to 

obtain accurate results of relative humidity at different solar dyer model points due to the complexity of the 

flow phenomena within the drying chamber. However, one could say a good correlation of temperature 

readings could indicate a good correlation of the results for relative humidity between experiment and 

simulation. 

  



113 
 

8.2 Overall Conclusion 
 

A thorough study was conducted on the applications of a forced convection mixed-mode solar dryer 

integrated with a preheater in improving grain drying processes. The study was carried out in two phases 

whereby the first phase employed the use of SolidWorks and ANSYS Fluent codes in developing and 

simulating the CFD model of the solar dyer system, and the second phase was an experimental study that 

was conducted so that the simulation results could be validated against the experimental results. The 

experimental study led to sufficient information to be collected regarding the temperature distribution, 

airflow distribution, and drying air relative humidity across the dryer system. A strong correlation between 

experimental results and simulation results was achieved with a maximum relative error of 16.3 %. The 

dryer system's performance results indicated a maximum thermal efficiency of 58.8 % with a corresponding 

drying rate of 0.0438 kg/hr. The minimum thermal efficiency for the dryer system was 47.7 %, with a 

corresponding drying rate of 0.0356 kg/hr. The fastest drying time of maize ears was achieved in 4 hours 

and 34 minutes (on the same day of the start of drying) from an initial moisture content of 24.7 % wb to 

12.5 % wb. In contrast, open-sun drying yielded the slowest drying time of 15 hours (on day three from the 

start of drying) from an initial moisture content of 27.3 % wb to 12.7 % wb.  

 

The results obtained in this study indicated a significant improvement for the dryer system whose initial 

efficiency was 36 %. This was a clear indication that operating a dryer system in mixed mode operation 

using forced convection drying air with the assistance of a preheater or backup heater can significantly 

improve drying processes. The study has also proven that increasing both the drying air velocity and 

temperature at the inlet of the solar collector yielded improvement in the drying process. It further indicated 

that the performance of solar dryers is significantly affected by the amount of solar irradiation available. 

As presented in Chapter 6, this performance deficit was addressed with two design concepts that employed 

the use of thermal energy storage (TES) materials to allow solar dryer systems to be optimized. A 

combination of forced air convection, preheated air, and the possibility of incorporating TES units in solar 

dryer systems can improve and optimize drying processes. An efficient dryer system will lead to improved 

grain storage capacity.  
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8.3 Recommendations for Future Works 
 

Recommendations for further research on this work to continue improving the performance of mixed-mode 

solar dryer systems are: 

 

 Develop and test prototype thermal energy storage systems such as those presented in this study to 

analyze their effect on improving solar drying processes.  

 

 Automate the solar collector to continuously track the sun’s rays for maximum efficiency. This 

could be done through the use of a solar powered tracking mechanism. 

 

 Use a more powerful computer to model the drying process under transient conditions for varying 

solar irradiation. This is because in reality solar irradiation varies with time and weather conditions 

throughout the day. 

 

 Replace the electric heater used in this study as a preheater with a biomass heater to cut operational 

costs. 

 

 Improve the design of the drying chamber to prevent condensation of moisture inside the chamber 

during the drying process. 
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APPENDICES 

 

APPENDIX A: SAMPLE CALCULATIONS OF TEMPERATURE AND 

RELATIVE HUMIDITY  
 

This appendix provides sample calculations for estimating the temperature and relative humidity of 

drying air across the preheater during the CFD simulation analysis. 

 

a) Ambient air temperature and relative humidity at inlet of the Preheater (using Table A-2 data) 

 

𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =
∑ (𝑇2017+𝑇2018+𝑇2019)𝐴𝑣𝑔.𝑀𝑖𝑛 𝑇𝑒𝑚𝑝  

3
  

  =  
14.6 ℃+15.8 ℃+15.1 ℃

3
= 𝟏𝟓. 𝟐 ℃ (1 d. p) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 ℎ𝑢𝑚𝑖𝑑𝑖𝑡𝑦 =  
∑ (𝑅𝐻2017+𝑅𝐻2018+𝑅𝐻2019)𝐴𝑣𝑔.𝑀𝑎𝑥 𝑅𝐻  

3
  

  =  
92%+89%+88%

3
= 𝟗𝟎%  

 

b) Relative Humidity of air at outlet of the Preheater  

 

By interpolation method and using Table A-1: 

 

→  𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 𝑎𝑡 15.2 ℃ =  0.0131 𝑘𝑔/𝑚3   

𝑎𝑡 90% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦, 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 = 0.0131 ×
90

100
= 0.01179 𝑘𝑔/𝑚3 

→ 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 𝑎𝑡 30 ℃ =  0.0303 𝑘𝑔/𝑚3   

∴ 𝑶𝒖𝒕𝒑𝒖𝒕 𝟏: 𝑎𝑡 30 ℃, 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 100% ×
0.01179

0.0303
= 38.9% = 𝟑𝟗% 

→ 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 𝑎𝑡 33 ℃ =  0.0356 𝑘𝑔/𝑚3   

∴ 𝑶𝒖𝒕𝒑𝒖𝒕 𝟐: 𝑎𝑡 33 ℃, 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 100% ×
0.01179

0.0356
= 33.1% = 𝟑𝟑% 

→ 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 𝑎𝑡 36 ℃ =  0.0416 𝑘𝑔/𝑚3   

∴ 𝑶𝒖𝒕𝒑𝒖𝒕 𝟑: 𝑎𝑡 36 ℃, 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 100% ×
0.01179

0.0416
= 28.3% = 𝟐𝟖% 

→ 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑎𝑖𝑟 𝑎𝑡 40 ℃ =  0.0510 𝑘𝑔/𝑚3   



116 
 

∴ 𝑶𝒖𝒕𝒑𝒖𝒕 𝟒: 𝑎𝑡 40 ℃, 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦 = 100% ×
0.01179

0.0510
= 23.1% = 𝟐𝟑% 

 

Table A-1. Water content of air at 100% Relative Humidity.  
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Table A-2. Weekly average relative humidity and temperature data for Durban during October 2017 – 

2019. (Sourced: Metrological data, Virginia Weather Station, Durban) 

Oct-17 

Average Minimum Average Maximum 

Rel. humidity 

(%) 
Temperature (°C) Rel. humidity (%) Temperature (°C) 

Week 1 48 11,1 92 21,8 

Week 2 61 13,3 93 21,4 

Week 3 55 16,1 90 26,3 

Week 4 69 17,7 93 24,7 

Oct-18 

Average Minimum Average Maximum 

Rel. humidity 

(%) 
Temperature (°C) Rel. humidity (%) Temperature (°C) 

Week 1 63 17,3 89 26 

Week 2 55 14,5 90 23,8 

Week 3 48 14,9 87 26,3 

Week 4 54 16,4 89 26,3 

Oct-19 

Average Minimum Average Maximum 

Rel. humidity 

(%) 
Temperature (°C) Rel. humidity (%) Temperature (°C) 

Week 1 47 13,3 90 26 

Week 2 53 16,4 87 25,5 

Week 3 55 14,5 90 23 

Week 4 48 16 87 27,8 
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APPENDIX B: CALCULATIONS FOR SOLAR DRYER PERFORMANCE 

This appendix provides calculations pertaining to the solar dryer performance based on the experimental 

results. Calculations were made to obtain the thermal efficiency and drying rate for the solar dryer system. 

Thermal efficiency 

a) Maximum Efficiency for the solar dryer system (with reference to results in Fig.9 and Fig.12 of

Chapter 6) 

𝜂𝑠𝑦𝑠 =
(𝑀𝑤×𝐿𝑣)+(𝑀𝑔×𝐶𝑝𝑔×∆𝑇)

𝑀𝑎𝐶𝑝𝑎(𝑇𝑑𝑐−𝑇𝑎𝑚𝑏)

𝑀𝑤 = 𝑀𝑝 (
𝑀𝑖−𝑀𝑓

100−𝑀𝑓
) = (6 × 0.235 𝑘𝑔) (

24.7−12.5

100−12.5
) = 0.197 𝑘𝑔 

𝐶𝑝𝑔 =  1.3066 + 1.2045𝑀𝑑 + 0.0198𝑇 = 1.3066 + (1.2045 × 0.125) + (0.0198 × 25)

  = 1.952 kJ/kg.K 

𝑀𝑔 = 𝑀𝑝 − 𝑀𝑤 = 1.41 kg – 0.197 kg = 1.213 kg

∆𝑇 = Temperature at Drying chamber Outlet - 𝑇𝑎𝑚𝑏  = 45.19 ℃ - 25 ℃ = 20.19 ℃

𝑀𝑎 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑢𝑚𝑒 = 1.184 kg/m3 × 14.076 m3 = 16.666 kg

∴  𝜼𝒔𝒚𝒔(𝑚𝑎𝑥𝑖𝑚𝑢𝑚) =
(0.197 × 2257) + (1.213 × 1.952 × 20.19)

(16.666 × 1.006 × (74.95 − 25)
= 0.588 (𝟓𝟖. 𝟖 %) 

b) Minimum Efficiency for the solar dryer system (with reference to results in Fig.5 and Fig.10 of

chapter 6) 

𝜂𝑠𝑦𝑠 =
(𝑀𝑤×𝐿𝑣)+(𝑀𝑔×𝐶𝑝𝑔×∆𝑇)

𝑀𝑎𝐶𝑝𝑎(𝑇𝑑𝑐−𝑇𝑎𝑚𝑏)

𝑀𝑤 = 𝑀𝑝 (
𝑀𝑖−𝑀𝑓

100−𝑀𝑓
) = (6 × 0.235 𝑘𝑔) (

27.3−12.8

100−12.8
) = 0.234 𝑘𝑔 

𝐶𝑝𝑔 =  1.3066 + 1.2045𝑀𝑑 + 0.0198𝑇 = 1.3066 + (1.2045 × 0.128) + (0.0198 × 25)

  = 1.956 kJ/kg.K 

𝑀𝑔 = 𝑀𝑝 − 𝑀𝑤 = 1.41 kg – 0.234 kg = 1.176 kg
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∆𝑇 = Temperature at Drying chamber Outlet - 𝑇𝑎𝑚𝑏  = 43.12 ℃ - 25 ℃ = 18.12 ℃

𝑀𝑎 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑢𝑚𝑒 = 1.184 kg/m3 × 26.721 m3 = 31.638 kg

∴  𝜼𝒔𝒚𝒔 (𝑚𝑖𝑛𝑖𝑚𝑢𝑚) =
(0.234 × 2257) + (1.176 × 1.956 × 18.12)

(31.638 × 1.006 × (62.54 − 25)
= 0.477 (𝟒𝟕. 𝟕 %) 

Drying rate 

a) Maximum drying rate, DRmax

DRmax = 
𝑀𝑤

𝑡𝑑
=

0.197 𝑘𝑔

4.5 ℎ𝑟
 = 0.0438 kg/hr 

b) Minimum drying rate, DRmin

DRmin = 
𝑀𝑤

𝑡𝑑
=

0.234 𝑘𝑔

6.5667 ℎ𝑟
 = 0.0356 kg/hr 
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APPENDIX C: SOLAR IRRADIANCE AND MEASURING INSTRUMENTS  
 

This appendix provides the information on solar energy in Durban during the period of experiment. It also 

provides pictures for some of the instruments used during the experiment.  

 

 

Figure C-1. Average daily solar irradiance In September for Durban (Sourced: 

https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-

SolarEnergy) 

 

 

Figure C-2. Average daily solar irradiance In October for Durban (Sourced: 

https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-

SolarEnergy) 

https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-SolarEnergy
https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-SolarEnergy
https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-SolarEnergy
https://weatherspark.com/m/96783/10/Average-Weather-in-October-in-Durban-South-Africa#Sections-SolarEnergy
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Figure C-3. Solid State Relay (top left), Lutron HT315 Humidity/Temperature meter (top right), 

Temperature controller (bottom left), and an RTD temperature sensor (bottom right) 
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Figure C-4. ET961 Hot Wire Anemometer (top left), Preheater/air heater box (top right), and Drying 

chamber (bottom) 
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Figure C-5. NI USB-6000 Data logger with HTM2500LF sensor probes 
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Figure C-6. Side view of the experimental setup (top) and preheater with temperature control circuit 

(bottom) 
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APPENDIX D: SPECIFICATIONS OF THE HTM2500LF SENSOR 

PROBES 
 

Specifications of the HTM2500LF sensor probes used during the experiment are provided in this 

appendix.  
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APPENDIX E: SPECIFICATIONS OF THE DATA LOGGER 

Specifications of the data logger used during the experiment are provided in this appendix. 
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APPENDIX F: EDITING CERTIFICATES 

Editing certificates for all published articles and the entire dissertation are included in this appendix. 

Chapter 2 Editing certificate 
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Chapter 3 Editing certificate 
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Chapter 5 Editing certificate 
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Chapter 6 Editing certificate 
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Chapter 7 Editing certificate 
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Thesis editing certificate 
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APPENDIX G: JOURNAL PUBLISHING CERTIFICATES AND 

ACCEPTANCE LETTERS 

Some of the journal’s acceptance letter and publishing certificates for the published article are included in 

this appendix. 

Chapter 2 Certificate of publication 
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Chapter 3 Certificate of Publication 
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Chapter 5 Acceptance letter 
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Chapter 6 Acceptance letter 




