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ABSTRACT

Geothermal energy is a renewable form of energy that can be utilized for drying agricultural
products like horticultural crops and grains. Utilization of geothermal energy to dry agricultural
products requires the design of a properly sized geothermal crop dryer that meets the specific
requirements for drying crops. In this study, the objective was to size, test, and optimize a
geothermal maize dryer deployed at the Menengai Geothermal Project site in Nakuru County,
Kenya. The components of the dryer consisted of a dryer cabinet, a water-to-air heat exchanger,
drying trays and a fan unit specially fabricated to assess the drying time of the geothermal dryer.
The study involved describing the heat transfer principles and equations to design these dryer
components. The fabricated dryer was used to dry a batch of maize grain, evenly distributed
between two trays, to lower the moisture content of the maize to 13% to allow for longer-term
storage. The heat exchanger was used to dry air which was used as the drying medium. The sized
fan unit was then used to blow the heated air over the maize grains. The geothermal water (brine)
obtained from a discharging well at the Menengai Geothermal Project site provided the source of
heat. The study investigated how the total drying time of the geothermal dryer varied at different
grain layer depths, drying air temperatures, and air velocities. The study also sought to optimize
the drying process and minimize the total drying time for the given geothermal dryer size using
the Taguchi method to determine the optimal combination of the three parameters. Minitab 20
software was used for optimization and Analysis of Variance (ANOVA) was performed using R-
4.2.3 software to test for significance of varying the parameters on the drying time. From the
design, a geothermal maize dryer with 0.55m (L) x 0.25m (W) % 1m (H) dimensions and a drying
capacity of 40kg was designed, tested, and optimized for drying maize grains to a moisture content
of 13% moisture content wet bulb. The dryer had an axial fan with a power rating of 0.035kW and
a heat exchanger with an overall heat transfer coefficient of 86.8 W/m?K. From analysis, drying
time reduced with increased temperature from 40°C to 45°C by 30 minutes while the drying time
was constant from 45°C to 50°C at 5 hours. The least drying time of 4 2 hours was achieved with
a drying air velocity of 0.5 m/s while maximum drying time of 5 5 hours was achieved with a
drying air velocity of 0.2m/s. As the grain depth was increased, the drying time increased from 4
72 hours at 0.1m to 5 hours with grain depths of both 0.15m and 0.2m. Results for the optimal
combination of the parameters using the Taguchi Method found that the optimal combination of
parameters for the geothermal dryer were drying air temperature at 50°C, drying air velocity at
0.5m/s, and grain depth at 0.1m which would result in the minimum total drying time. ANOVA
analysis showed that varying the drying air temperature and the drying air velocity had a significant
impact on the total drying time. This study advances knowledge by presenting a systematic
approach to designing and optimizing geothermal maize drying systems to enhance energy
agricultural drying technology. The findings promote sustainable agriculture and food security by
demonstrating geothermal energy as a cost-effective, eco-friendly alternative to fossil-fuel-
powered drying. The optimized dryer benefits small-scale farmers and agribusinesses by reducing
post-harvest losses and improving grain storage.
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CHAPTER ONE: INTRODUCTION
1.1 Background

Maize holds a significant position as a major staple food in Kenya, making it a crucial component
of the nation's food security efforts (Hoffmann et al., 2023). The primary regions responsible for
maize production in Kenya are the Central, Rift Valley, Eastern, and Western regions (Njoroge et
al., 2019). While maize farming aligns with the seasonal patterns of long and short rains, its
consumption remains consistent throughout the year. However, post-harvest losses during maize
storage are estimated to be between 20% and 40% in Sub-Saharan African countries (De Groote
et al., 2023). Maize, being a crucial staple food in Kenya, requires efficient post-harvest
management practices to minimize losses (Hoffmann et al., 2023). During harvesting, maize
typically contains high moisture levels, around 20-25% wet basis (wb), which makes it susceptible
to spoilage from insects and fungi (Kabeyi & Olanrewaju, 2021). To safeguard the maize grains
and ensure longer storage periods, it is essential to lower the moisture content to approximately
13% using effective drying methods (Kabeyi & Olanrewaju, 2021).

Drying is a process of removing moisture from a product and entails the exchange of heat and
mass between the product and its surroundings (Lund et al., 2022). When agricultural products are
dried properly, they can be preserved for longer periods, thereby improving food security, and they
also reduce product weight and bulk, making transportation and handling more practical (Abueluor
et al., 2023). There are different drying methods, ranging from traditional open-air sun drying to
mechanized form of drying (Oztiirk, & Cobanoglu, 2023). Open-air sun drying is one of the oldest
methods of drying crops and it remains common due to its simplicity since crops are simply
exposed directly to solar radiation and wind energy (Abueluor et al., 2023). However, this method

has drawbacks, such as the need for large land areas, dependency on favorable weather conditions,



and its labor-intensive nature due to slow drying rates. It also increases the risk of spoilage and
food loss due to moisture, insects, pests, dust, and soil.

Mechanized drying is a more efficient alternative to open-air sun drying as it shortens drying time,
enhances product quality, and requires less land (Joshi et al., 2024). However, some mechanized
drying methods, such as using presses or centrifuges, may lead to undesirable product deformation,
which is not suitable for drying grains such as maize (Joshi et al., 2024). Mechanized drying often
sources heat from electricity or fossil fuels which can be unreliable, polluting, or expensive (Joshi
et al., 2024). These challenges can be overcome by utilizing renewable sources of energy like solar
and geothermal energy which can be employed to power the mechanical dryers (Oztiirk, &
(Cobanoglu, 2023). Mechanized solar drying uses solar energy dryers that employ equipment that
concentrate sunlight to increase temperature inside the dryer and cut energy losses, unlike open-
air sun drying. It offers advantages such as reduction in running costs and reduced pollution of the
environment (Sontakke & Salve, 2015). Despite these benefits, solar energy dryers are still
affected by weather conditions and require costly storage and conversion systems for nighttime
operation (Kabeyi & Olanrewaju, 2021). Geothermal energy dryers overcome the challenges posed
by solar energy dryers. Geothermal steam can be used to dry agricultural products by spraying it
directly or indirectly by using heat pumps or heat exchangers (Akhtaruzzaman et al., 2021). The
continuous availability of geothermal energy throughout the year allows for year-round operation,
and temperature control is possible by regulating the geothermal brine flow rate (Lund et al., 2022).
Several countries have successfully utilized geothermal energy for drying various agricultural
products, including Serbia dries wheat, Philippines dries copra, Mexico dries fruits, and lucerne is
dried in New Zealand. This study seeks to establish the optimal air velocity, drying temperature,

and grain depth for maize grain drying using geothermal energy.



1.2 Problem Statement

After harvesting maize, it is crucial to lower its moisture content to approximately 13% before it
is stored. Failure to do so may lead to various issues such as mold development, insect infestation,
germination, and contamination by aflatoxins (Stutt et al., 2023). Damaged maize due to these
factors leads to food losses, and if maize contaminated by aflatoxin is consumed, it can cause food
poisoning or death. To address these concerns, proper maize drying is essential.

In Kenya, industrial-scale maize drying is primarily done using fossil fuels like heavy fuel oil or
electricity, both of which are expensive and environmentally harmful. Geothermal energy is an
alternative for maize drying and it requires a geothermal crop dryer to effect drying. A geothermal
crop dryer typically consists of a dryer cabinet, fan unit, heat exchanger, and fan unit, all of which
require to be sized precisely to attain the desired moisture content in maize grains. The heat
exchanger heats the drying air to the desired temperature. If not sized properly, it may lead to
issues such as grain cracking from excessive heat or low rate of drying if temperatures are lower
than desired. The role of the fan unit is to blow the heated air over the grains to effect drying.
Oversized fan units can lead to increased energy consumption, while undersized ones may result
in insufficient airflow and reduced drying rates (Joshi et al., 2024). The depth of the grain layer in
the dryer is another critical factor to consider. If the layer is too thick, it may lead to rewetting of
the dried grains due to saturation of the drying air. Conversely, if the layer is too thin, it may cause
thermal inefficiencies due to unused energy.

Additionally, the size of the dryer cabinet is essential, as it influences the amount of grains the
dryer can dry in each batch. There should be proper coordination in the sizing of all the components

to achieve minimum drying time and optimal efficiency. By carefully addressing these aspects in



the design and sizing of geothermal crop dryers, efficient maize drying can be achieved, reducing
food losses and ensuring safer and more sustainable storage practices in Kenya's maize production.

1.3 Justification

Drying maize is crucial for preventing damage from fungi and insects that may lead to aflatoxin
contamination (Stutt et al., 2023). When maize is dried properly it helps minimize losses and
ensures the quality of maize is maintained, contributing to better health for consumers. Moreover,
well-dried maize enhances farmers' productivity, improves the marketability of the crop, and
ultimately leads to increased profits and improvement of the country’s food security. A small
geothermal-heated dryer presents a practical and sustainable solution to support the community,
particularly small-scale farmers.

Geothermal energy is an effective and viable alternative to solar energy, fossil fuels and electricity
in the industrial drying of maize. By employing a properly sized geothermal dryer, the moisture
content of maize can be successfully reduced to the desired level of 13%. The optimization of the
heat exchanger facilitates efficient heat transfer from the geothermal brine to the drying air, which
will provide the optimal temperature needed for maize drying. Additionally, the fan unit needs to
be appropriately sized to achieve the necessary air velocity, to effectively transfer heat to the maize
grains and carry away the evaporated moisture. The use of an optimal grain layer depth will ensure
there is uniform drying of the maize and reduce the overall drying time.

The sized geothermal dryer is expected to have minimal running costs since the geothermal energy
is available from the Menengai geothermal project site. The expected initial costs for the dryer are
for the purchase and fabrication of the components while the expected running costs are from the

electricity used to run the fan and the labour costs for grain handling.



This project is designed to handle smaller maize batches of approximately 40 kg, making it highly
convenient for local farmers who may not have access to large-scale drying facilities. The use of
geothermal energy is expected to significantly reduce the drying time of maize as well as the costs
of maize drying, making it a cost-effective and sustainable solution for maize drying.

1.4 Main Objective

The objective of this study was to size, test, and optimize a geothermal maize dryer for optimal

drying time.
1.4.1 Specific Objectives

1. To size and fabricate the heat exchanger, fan unit and dryer cabinet for a geothermal
maize grain dryer

2. To test and determine the effect of grain layer depth, drying air temperature and air
velocity on the total drying time of the sized geothermal maize grain dryer

3. To establish the optimum combination of parameter levels required to achieve minimum
drying time of the sized geothermal dryer

1.5 Significance of the Study

This study is significant in advancing sustainable post-harvest drying technologies by utilizing
geothermal energy as a cost-effective and environmentally friendly alternative to conventional
drying methods. The research enhances energy efficiency, reduces drying time, and improves
maize grain quality, ensuring longer storage and reduced post-harvest losses by optimizing
drying parameters.

Additionally, the study provides a practical model for integrating geothermal energy into
agricultural processing, benefiting small-scale farmers, agribusinesses, and policymakers. It

supports Kenya’s renewable energy goals, contributes to climate resilience, and offers insights
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into scalable, energy-efficient drying systems that can be adapted to other agricultural products
and regions.

1.6 Scope and Limitations

This research focused on the design of an efficient geothermal-powered maize grain dryer to
enhance maize quality and reduce post-harvest losses. It explored the feasibility of utilizing
geothermal energy as a sustainable heat source, optimizing drying conditions to improve
efficiency and maintain grain quality. The dryer aimed to provide a cost-effective,
environmentally friendly alternative to conventional drying methods, benefiting small-scale
farmers and promoting sustainable agricultural practices by using geothermal energy. This study
was limited to temperature, air velocity, and grain layer depth to determine the drying time. This
research also included optimization using the Taguchi software to establish the best combination
of temperature, air velocity, and grain layer depth that resulted in minimum drying time of maize
to reach to 13% moisture content. Further, time and resource constraints limited the depth of
experimentation, leaving opportunities for further refinements in future research. The study
provided valuable insights into the potential of geothermal energy for grain drying. It contributed
to the development of innovative post-harvest solutions that could enhance food security and

support small-scale farmers.



CHAPTER TWO: LITERATURE REVIEW
This chapter provides a comprehensive review of the current research on grain drying mechanisms,
different types of mechanical dryers, and the utilization of geothermal dryers around the world. It
also reviews the process of evaluating the performance of crop dryers and their performance is
optimized.

2.1 Thermal Drying

Thermal drying is a process that transfers heat from the surrounding medium to the product
undergoing drying. In addition to the heat transfer, there is also a concurrent mass transfer of water
from the product to the surrounding medium. The main purpose of the drying process is to utilize
thermal energy to elevate the temperature of the product, facilitating the evaporation and removal
of moisture. This heat transfer occurs through a combination of convection, radiation, and
conduction.

Conduction is a mode of heat transfer that occurs when there is direct physical contact and
molecular interaction between objects. It involves the transfer of heat energy through the collision
of molecules. Convection takes place in fluids, such as liquids or gases, where the heated fluid
moves away from the heat source, carrying thermal energy with it. Radiation is characterized by
the emission of electromagnetic waves that contribute to the overall heat transfer process during
drying (Akhtaruzzaman et al.,, 2021). During drying, the elevated temperature provides the
necessary latent heat of vaporization, causing water within the product and on its surface to
evaporate. However, the rate of heat transfer to the product is limited by the thermal conductivity
of its structure (Akhtaruzzaman et al., 2021). Mass transfer involves the movement of water

molecules from the internal regions of the product towards its surface. This process is influenced



by the pressure difference between the moisture inside the product and the moisture in the
surrounding atmosphere (Kabeyi & Olanrewaju, 2021).

2.2 Drying Techniques of Agricultural Products

One of the earliest forms of preserving food is drying of agricultural products. The drying of
agricultural products primarily utilizes the mode of heat transfer known as convection. During the
convective heat transfer process, various factors play a crucial role in determining the drying time.
These factors include the air velocity, relative humidity, and drying temperature of the drying
medium. The effectiveness of both heat and mass transfer processes relies on the temperature
gradient, vapor pressure, and convective coefficients present at the product's surface. As the drying
air comes into contact with the product, it not only heats the product but also carries away the
evaporated water in vapor form, facilitating the drying process.

After harvesting, the majority of agricultural farm products undergo processing before being
consumed because they are not consumed immediately after harvesting (Popovska-Vasilevska,
2003). Food helps decrease the moisture content in these products, offering various benefits. These
advantages include an enhanced shelf life, minimized risk of aflatoxin formation, and reduced
mold development. Additionally, food drying contributes to cost-effective transportation and
storage. The techniques utilized for food drying range from straightforward open sun drying to
more complex artificial drying methods. Artificial methods include hot air drying, spray, and

freeze-drying. These methods are discussed:

2.2.1 Open-sun Drying

Open sun or natural drying method involves placing wet grains in the open air, where they are
exposed to natural airflow and direct sunlight or shade. This traditional drying approach is

commonly utilized in rural areas and for handling modest quantities of grains under favorable



weather conditions. Achieving the desired moisture content through natural drying takes a
considerable amount of time, during which the grains are spread out on a drying floor and regularly
stirred to ensure all grains are equally exposed to the sun (Khamala, 2016). Additionally, Tonui et
al. (2014) state that there are about only four effective sun drying hours in Kenya. The researchers
reported that it took about 6 days and 4 hours of open-sun drying of a maize sample to reduce its
moisture content from 19.3%wb to 13.2%wb with daily drying sessions lasting about 4 hours.
While studying commercial open-sun drying from traders, Groote et al. (2019) determined that it
took the traders between two to seven days to dry a single batch of maize of 90kg. Kinyanjui
(2013) stated that open-sun drying by small scale farmers took between 5 to 45 days to reduce the

moisture content to around 13%wb.
2.2.2 Artificial Drying

Artificial drying serves as a solution to the limitations posed by natural drying methods. With the
advent of farming industrialization and the harvesting of larger crop quantities, along with high-
yielding crops, there is a need for efficient post-harvest processes in a shorter timeframe.
Unfavorable climatic conditions can further restrict the available time for drying, making artificial
drying essential. This method involves subjecting grains to controlled parameters, including forced
airflow and temperature, to achieve faster drying rates (Khamala, 2016). Artificial drying reduces
the drying time significantly and enables the drying of larger quantities of grains within a specific
timeframe.

a. Hot air drying

The hot air-drying process involves convective heat transfer, where heated air transfers heat to the
grain surface. As the heat interacts with the grains, it vaporizes the water present in them. The
airstream then carries away the water vapor, effectively removing moisture from the grain product.
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Hot air drying is commonly employed in grain drying due to its economic efficiency, operational
simplicity, and adaptability to various agricultural products (Kinyanjui, 2013).

During hot air drying, heat plays a crucial role in moisture removal from the product. However, it
is essential to control the drying temperature carefully to avoid undesirable consequences on the
product physical appearance and quality. Inadequate temperature control can cause grains to crack
or shrink (Kinyanjui, 2013). Therefore, it is important to closely monitor and control grain drying
to prevent such unwanted effects from occurring, ensuring that the quality of the dried product is
maintained.

b. Freeze drying

This is a specialized vacuum drying process that involves freezing the product. During this process,
the water within the product freezes and turns to ice. Subsequently, the ice is removed through a
process known as sublimation, where it transitions directly from a solid to a gas without passing
through the liquid state. Freeze drying is particularly suited for products that are highly susceptible
to decomposition during conventional drying methods (Ghijs et al., 2017). By freezing the product
and removing the water through sublimation, freeze drying preserves the integrity and quality of
delicate or sensitive products, making it a preferred method for certain applications.

c. Spray drying

Crop drying by spraying is a process that involves spraying a hot air stream onto the crop to remove
the moisture content from the product. It is commonly used in regions where there is high humidity
or rainy seasons, which can prolong the time needed for drying crops to attain the desired moisture

content for safe storage and marketing (Akhtaruzzaman et al., 2021).
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2.3 Grain Drying Psychometrics

Drying grains requires air as the drying medium. Several properties of air that are crucial in drying
and require to be known include relative humidity, air temperature, air velocity, enthalpy, and
specific volume. Also, several factors in the grain such as its moisture content, quantity, and grain
size need to be known. Some of these properties are highlighted:
a. Relative humidity (RH)

Relative humidity is a measure of the saturation humidity percentage and is the ratio between the
partial pressure of the water vapour in the air, p and the partial pressure of saturated water vapour
at similar temperature, p;. A hygrometer is used to measure relative humidity. Effective drying
typically requires air with low relative humidity since lower relative humidity means the air can

absorb more moisture.
RH = — 2.1

b. Moisture content
Moisture content indicates the amount of water present in a product and is expressed as a
percentage by weight on a wet or dry basis. In the case of grains, moisture content is typically
measured on a wet basis. Laboratory methods like oven-drying or distillation can be used, as well

as grain moisture meters. The calculation for wet basis moisture content is as follows (Helvaci et

al., 2023):

Mi=Mr 100 2.2)
M

i

Wet basis moisture content, mc,,, =

Where
M; is initial weight of the product in kg

M is the final weight of the dried product in kg
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¢. Equilibrium moisture content

Maize is hygroscopic like most grains, meaning they can absorb moisture from the air when the
surrounding humidity is high, and can release moisture into the air when the humidity is low
(Mrema et al., 2011). When the moisture content of the grains is equal to that of the surrounding
air, moisture movement halts, and the grain attains equilibrium. This state is referred to as the
equilibrium moisture content (EMC) (Khamala, 2016). EMC plays a crucial role in establishing
the minimum moisture content to which foods can be dried under specific conditions and the
maximum moisture the dried food can absorb during storage. The drying process of the grain takes
place when the vapor pressure in the air is lower than that of the grain.

2.4 Mechanical Dryers

The main mechanical dryers used commercially for grain drying are counterflow, concurrent flow,
crossflow, and mixed flow dryers. In a crossflow dryer, drying air and grain move perpendicular
to each other. In a concurrent flow dryer, both air and grain move in a similar direction, parallel to
each other while in a counterflow dryer has the air flows opposite to direction of the flow of grains.
The mixed flow dryer combines aspects of both concurrent flow and crossflow systems to leverage
the advantages of both (Amantéa et al., 2018). The wide variety of dryer designs available makes
their classification challenging. Therefore, selecting a grain dryer varies based on factors such as
product to be dried, mode of heat transfer and the cost. The cost component is particularly crucial

in the choice of dryer (Amantéa et al., 2018).

2.4.1 Batch dryer

This type of dryer requires the loading of the product inside the dryer and allowed to dry for a
specific period. The dryer is designed to allow air to flow inside the dryer interacting with the

product, and exits, carrying away the moisture. Batch dryers are advantageous due to their simple
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design, ease of construction and can be adapted to dry different products. Some common batch
dryers are cabinet and batch-in-bin dryers (Amantéa et al., 2018).

a. Cabinet dryer

Cabinet dryers are designed with trays where the product is placed as drying air flows as shown in
figure 2.1. Cabinet dryers are relatively small with a rectangular shape that accommodates the
trays. One potential drawback of this design is that the placement of products in different locations
within the dryer can lead to the products drying un-uniformly (Sumotarto, 2007).

Despite this limitation, cabinet dryers are modifiable to function as continuous dryers. By making
suitable adjustments to the design and operating procedures, a cabinet dryer can be transformed
into a continuous drying system, offering continuous and more uniform drying of the products as
they pass through the drying chamber. This modification allows for a more efficient and

streamlined drying process, making the cabinet dryer more versatile in meeting different drying

requirements.
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Figure 2.1: Cabinet Type Geothermal Dryer Source: (Sumotarto, 2007)
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b. Batch-in-bin dryer

This dryer is a method of drying grains on-farm, involving the placement of grains inside a bin for
the drying process. Once drying is complete, the dried grains are transferred to a separate bin where
they cool down and are stored. This drying technique primarily relies on the natural airflow
provided by ambient air for the drying process. However, in unfavorable weather conditions,
additional heat can be introduced to expedite drying. Despite its advantages, the batch-in-bin dryer
has some notable drawbacks. Regular dusting of the grains is necessary to maintain cleanliness
and prevent potential contamination. Moreover, the daily loading and unloading of grains is labor-
intensive and time-consuming, making it less efficient for larger quantities of grain (Khamala,

2016).

2.4.2 Continuous dryer

During the drying process in continuous dryers, the product is continuously fed into and removed
once it dries as shown in figure 2.2. They are designed with mechanisms that allow to be operated
simultaneously with heating. These continuous dryers typically capital intensive, making them less
attractive for installation. Types of continuous dryers include pneumatic, rotary, and conveyor

dryers (Popovska-Vasilevska, 2003).
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Figure 2.2: Continuous Flow Grain Dryer (Popovska-Vasilevska, 2003)

a. Pneumatic dryer

These dryers utilize a chamber or tube through which pneumatically transports the product. The
velocity of the drying air is higher than the velocity of the product to facilitate the transportation
of the product and also for the drying process, allowing for quick and efficient drying (Dorfeshan
& Mehrzad, 2023).

b. Rotary dryer

This dryer is designed with a cylinder with slight inclination and is continuously rotated as the
wile feeding of product occurs from the upper end and moves towards the lower end where it is

removed. The drying air is blown either in a concurrent direction, moving parallel to the product's
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movement, or in a counter-current direction, moving opposite to the product's flow (Popovska-
Vasilevska, 2003).

c. Conveyer dryer

These dryers have a conveyor belt where the product is placed and transported where it interacts
with the drying air. This belt is usually perforated to facilitate the circulation of the drying air, and
fans are used to ensure that the air reaches the entire product. The dryer’s length is designed to
match the residence time needed to achieve the desired moisture content of the product (Ghijs et
al.,2017). This ensures that the drying process is efficient and thorough, resulting in properly dried

grains with the specified moisture level.
2.4.3 Components of a Geothermal Cabinet Dryer

In a typical cabinet-type geothermal crop dryer, various equipment is utilized to harness
geothermal heat and direct it towards heating the air used for drying the grains. The main
components of this dryer include:

a. Heat exchanger

This component transfers heat between two separate fluids that possess different temperatures. It
consists of tubes made from high thermal conductivity materials such as aluminum or copper. In
the geothermal industry, the commonly used types of heat exchangers are plate, shell-and-tube,
and downhole heat exchangers (Khamala, 2016).

The shell-and-tube heat exchanger is the most common type and is shown in figure 2.3. It is
designed with a set of enclosed parallel tubes within a sealed cylindrical shell. Baffles are used to
support the tubes and control the desired fluid of the velocity. This arrangement allows different

fluids to flow inside the tubes while the other fluid flows inside the sealed shell. However, shell-
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and-tube heat exchangers have some drawbacks, such as requiring more space compared to plate
heat exchangers and having lower heat efficiency. They are also more susceptible to fouling and

are relatively challenging to clean and maintain (Welty, Rorrer & Foster, 2014).
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Figure 2.3: Shell-and-tube heat exchanger diagram (Welty, Rorrer & Foster, 2014)

Downhole heat exchangers function by incorporating a suspended pipes or tubes within a well as
shown in figure 2.4. Circulation of secondary water is done through these tubes naturally or by
pumping. Unlike other heat exchangers, downhole heat exchangers eliminate the need for
disposing brine as it is recirculated within the well while only extracting heat. These heat
exchangers are primarily utilized for heating smaller loads, such as individual homes or businesses
(Khamala, 2016). This application makes them a suitable and efficient option for geothermal

heating in localized settings where smaller-scale heating is required.

7
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Figure 2.4: Downhole heat exchanger (Khamala, 2016).
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The plate heat exchanger is constructed with multiple plates, each fitted with gaskets, and these
plates clamping together within a frame as shown in figure 2.5. This design facilitates counter-
current flow and high turbulence, enabling efficient thermal exchange in a compact space (Lund
et al., 2022). One of the significant advantages of plate heat exchangers is their cost-effectiveness,
as they are approximately 40% less expensive than shell-and-tube heat exchangers. Additionally,
they occupy less space and can be easily expanded in size when needed. Due to these benefits,
plate heat exchangers have become the predominant choice for heat exchangers in geothermal
heating applications worldwide. Their ability to provide superior thermal performance and cost

efficiency makes them a popular and widely adopted option in the geothermal industry.
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Figure 2.5: Plate heat exchanger (Khamala, 2016)

b. Dryer cabinet

The dryer cabinet plays a crucial role during drying as it accommodates the drying trays containing
the grains to be dried. To minimize heat loss during drying, the cabinet can be insulated with good
insulators such as polystyrene or polished wood (Tonui et al., 2014).

In many cases, the primary consideration in selecting the dryer cabinet is the initial cost. This is

because the cost of constructing the cabinet can vary based on the material used and the insulation
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method. However, it is essential to weight the options between the initial cost and the long-term
efficiency and effectiveness of the cabinet in order to achieve optimal grain drying results.

c¢. Fan unit

The fan unit in the geothermal crop dryer blows air into the cabinet for drying. The fan unit can be
electricity operated or by utilizing pressure from geothermal brine flow. When choosing fans for
the dryer, two main options are available: axial fans and centrifugal fans which are shown in figure
2.6 and 2.7. The selection depends on factors such as cost and volumetric airflow requirements.
Axial fans are more cost-effective and provide higher airflow rates per horsepower for static
pressures lower than 1120Pa compared to centrifugal fans. However, they tend to produce higher
noise levels. Centrifugal fans are chosen when higher air volumes and deeper grain depth is
required (Sadaka, 2014). Proper fan sizing ensures drying optimization to attain the required

moisture content in the grains while minimizing energy consumption.

Figure 2.6: Axial fan Source: (Sadaka, Figure 2.7: Cntrifugal fan Source:
2014). (Sadaka, 2014).

d. Drying trays

The drying trays serve as the grain holders inside the cabinet. To ensure proper airflow and

efficient drying, the bottom of the trays is designed to allow for air circulation. This can be
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achieved by making the bottom of the tray perforated or using wire mesh. The perforations or mesh
allow the drying air to pass through and come into direct contact with the grains, promoting
effective moisture removal during the drying process. Proper tray design and grain layer depth are
essential in achieving uniform and efficient drying results in the geothermal crop dryer.

2.5 Dryer Performance Evaluation

This research assessed the geothermal dryer performance based on its drying time. By focusing on
drying time, the research aimed to evaluate how well the geothermal dryer could lower the

moisture content of the grains to 13% within the desired timeframe.
2.5.1 Drying Time

Drying time refers to the duration taken for the grains to reach the moisture content desired during
drying. It is an essential parameter as it directly impacts the efficiency and effectiveness of the
dryer. A shorter drying time would indicate higher efficiency and faster drying rates, which are
favorable qualities for an optimal geothermal crop dryer. To understand and optimize the drying
time, the researchers investigated the influence of three key factors: drying temperature, drying air
velocity, and grain depth. These factors are known to significantly affect drying and, consequently,
the drying time.

i.  Drying temperature

Increasing the drying temperature in the geothermal crop dryer directly the overall time of maize
drying (Popovska-Vasilevska, 2003). However, it is essential to carefully control the drying
temperature as excessively high temperatures can lead to detrimental effects on the dried maize
quality. The optimal temperature for drying is influenced by several factors such as the type of

dryer used, the specific type and quality of the grain being dried, and the intended use of the dried
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maize. Different temperature ranges are applied for various purposes: (1) low-temperature drying:
This method uses air with temperatures up to 8°C and is suitable for certain applications where the
maize is not intended for human consumption but rather for specific industrial purposes, (2)
medium temperature drying: For maize intended as seeds or for milling purposes, heated air with
temperatures up to 43°C is used. Higher temperatures, up to 60°C, can be employed for other
milling grains, (3) high-temperature drying: This approach uses heated air with temperatures up to
82°C and is typically used for maize intended as animal feed, (4) combination drying: In some
cases, a combination of low and high temperatures is used for specific drying requirements
(Kinyanjui, 2013; Popovska-Vasilevska, 2003).

For maize intended for human consumption and as seeds, the optimal drying temperature,
according to Kinyanjui (2013), is around 43°C. Tonui et al. (2014) opined that 50°C was the
highest temperature for drying maize without affecting its quality. Research by Osodo (2018)
showed that the moisture removal rate significantly increased when the temperature changed from
40 to 45°C, but further temperature increases to 45-50°C and 50-55°C showed no significant
impact on the moisture removal rate.

Given this information, this study used a temperature range of 40-50°C, as reported by Kinyanjui
(2013) and Tonui et al. (2014), to ensure efficient drying of the maize while maintaining its quality
and nutritional value. By carefully controlling the drying temperature within this range, the
geothermal crop dryer aims to achieve optimal results in terms of drying efficiency and maize
quality.

ii.  Airvelocity

Achieving the desired airflow rate is crucial for efficient drying, as it helps overcome the static

pressure in the dryer cabinet and ensures the desired airflow velocity to reduce the time for drying.
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Increasing the air velocity to higher moisture removal from the product surface and reduced time
for drying (Helvaci et al., 2023). Various studies have investigated the optimal airflow rates for
thin-layer drying of maize using different drying systems. Tonui et al. (2014) found that an air
velocity of between of 0.20m/s and 0.40 m/s was suitable for maize drying in a solar maize dryer.
Similarly, Osodo (2018) achieved the highest drying efficiency with an air velocity of 0.41 m/s for
0.02m grain depth. Kinyanjui (2013) demonstrated the potential of geothermal maize drying using
a thin-layer drying principle with 0.5 m/s air velocity.

Based on the findings of these previous studies, the current research used an air velocity ranging
from 0.2 to 0.5 m/s, based on research by Kinyanjui (2013), Osodo (2018) and Tonui et al. (2014).
This selection of airflow rates is expected to enhance the efficiency of the geothermal crop dryer
by providing an optimal airflow velocity for effective drying of the maize while minimizing the
drying time.

iii.  Grain depth

Thin-layer drying or deep bed drying methods can be used to design convective dryers. Thin-layer
drying exposes all the grains uniformly to the drying air, to ensure a relatively uniform temperature
is distributed throughout the grain bed under normal drying conditions. Typically, a grain bed with
a thickness of up to 0.20 meters is considered a thin layer (Akhtaruzzaman et al., 2021). The drying
rate in thin-layer drying is generally faster compared to deep bed drying because the drying air
conditions remain relatively consistent throughout the entire grain mass.

Deep bed drying involves drying grains without totally exposing them entirely to similar drying
air conditions due to the thickness of the grain bed. As a result, the temperature distribution within
the grain mass varies with grain depth over time, leading to a slower drying rate compared to thin-

layer drying (Akhtaruzzaman et al., 2021).
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In the context of this research, the geothermal dryer was designed based on the thin-layer principle,

where the grains are placed in a thin layer to ensure uniform exposure to the drying air.
2.5.2 Optimization of Dryer Performance

The optimization process is crucial in achieving the best possible outcomes in various fields,
including industrial processes and scientific research. Optimization aims to find the optimal values
of certain parameters that lead to the desired results, whether it is minimizing production costs or
maximizing production efficiency. There are several optimization processes available, each with
its own strengths and applications. Some of the popular methods include the Taguchi method,
Artificial Neural Network , Response Surface Methodology and Genetic Algorithm (Majdi &
Esfahani, 2019).

The Taguchi method is particularly useful for optimizing a set of values and determining the most
influential factors that affect a specific output parameter. By using orthogonal arrays and signal-
to-noise ratios, the Taguchi method reduces the number of experimental trials needed while
providing comprehensive information on the factors' effects. This leads to significant cost and time
savings during the experimentation process. Artificial Neural Network is commonly used in
optimization tasks that involve complex data patterns and relationships, such as pattern recognition
and forecasting. Response Surface Methodology aids in determining the optimal combination of
variables to achieve desired results and efficiently explore the response surface. Finally, Genetic
Algorithm is an optimization technique inspired by the process of natural selection. It mimics the
process of evolution to find the best solution to a problem by iteratively selecting and evolving
potential solutions. Genetic Algorithms are well-suited for complex and nonlinear optimization

problems (Majdi & Esfahani, 2019).
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This research used the Taguchi Method due to its advantages of cost and time savings (Majdi &
Esfahani, 2019). The Taguchi method is a powerful technique used to optimize the performance
of systems efficiently and systematically. It involves several key steps to evaluate and improve the
performance of a dryer or any other system. The first step is to establish the specific performance
parameter that needs optimization, such as dryer efficiency, drying time, or drying rate. Next, the
method requires identifying the independent variables that significantly impact the chosen
performance parameter. For a dryer, these variables could include drying air velocity, temperature,
humidity, grain depth, and moisture content. Different levels are selected for each variable to cover
a range of conditions. Once the variables and levels are determined, orthogonal arrays are created
to efficiently evaluate the combinations of independent variables. These arrays allow researchers
to conduct the minimum number of experiments while obtaining comprehensive information on
the effects of the variables. Experiments are then conducted based on the orthogonal arrays to
collect data on the dryer's performance under various conditions. Each experiment represents a
specific combination of independent variable levels. Signal-to-Noise Ratio (SNR) method is used
to analyze the data collected. SNR helps evaluate how each independent variable affects the chosen
performance parameter. It distinguishes between the desirable effects (signal) and undesirable
effects or variations (noise) in the data. Finally, based on SNR analysis, the optimal combination
of independent variable levels that leads to the best performance is identified. This combination
maximizes the signal while minimizing the noise, resulting in improved performance of the dryer.
By following these steps, the Taguchi method enables researchers and engineers to systematically
identify the most influential factors and efficiently optimize the performance of the dryer or any

other system. This approach not only saves time and costs but also leads to improved quality

24



characteristics of the system being studied (Joshi, Kumar & Baredar, 2019; Majdi & Esfahani,
2019).
The Taguchi method has found valuable applications in research on drying crops, leading to
significant improvements in drying efficiency and energy consumption. Majdi and Esfahani (2019)
optimized the drying of a moist rectangular material using Taguchi. By varying temperature, air
velocity, and thickness ratio, the optimal combination that resulted in least energy consumption
and reduced drying time was 60°C drying air temperature, 0.1 m/s air velocity, and 0.1 thickness
ratio.
Joshi et al., (2019) investigated potatoes drying and with the help of the Taguchi method, they
were able to identify the optimal airflow rate, air velocity, and air humidity to achieve the desired
solar radiation for efficient drying. The recommended values were 39.3 m¥/s airflow rate, 2.8 m/s
air velocity, and 62.4% air humidity.
These examples illustrate how the Taguchi method's systematic approach to experimentation has
proven effective in optimizing crop drying processes. By carefully selecting and varying the
relevant parameters, researchers can achieve improved efficiency and better quality characteristics,
making it a valuable tool in the field of crop drying and beyond. In the Taguchi Method, the SNR
is a statistical measure used to evaluate the quality of a process. It represents the signal ratio (which
is the desired output of the process) to the noise (which is any unwanted variation in the output).
In general, a higher SNR indicates better process performance. There are three approaches in
Taguchi Method to define the desired value for a quality characteristic:

a. Larger is better
In this approach, the desired value for a quality characteristic is set at the highest possible level.

This is often used when the quality characteristic represents something that is desirable to have
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more (Majdi & Esfahani, 2019). The objective is to increase the quality characteristic as much as
possible while minimizing the variation around the target value. The formula to calculate is show
in equation (2.3) (Joshi et al., 2019).

n
1 1
i1 i

l

b. Nominal is better
In this approach, the target value for a quality characteristic is set at a specific level that is
considered to be the ideal or desired value. This is often used when the quality characteristic
represents something that needs to be maintained at a certain level (Majdi & Esfahani, 2019). The
objective is to keep the quality characteristic as close to the target value as possible while
minimizing the variation around the target value. The formula to calculate is show in equation

(2.4) (Joshi et al., 2019).

yi

Si

c. Smaller is better
In this approach, the target value for a quality characteristic is set at the lowest possible level. This
is often used when the quality characteristic represents something that is undesirable to have too
much of (Majdi & Esfahani, 2019). The objective is to reduce the quality characteristic as much
as possible while minimizing the variation around the target value. The formula to calculate is

show in equation (2.5) (Joshi et al., 2019).
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Where

y; is the output to be optimized

n is the number of trials for the experiment

i is experiment number

Each approach requires a different set of design considerations and statistical techniques to achieve
the desired quality outcome. The choice of approach is dependent on the quality characteristic
being measured and the product objectives or process being designed.

After data is collected using the Taguchi Method, Analysis of Variance (ANOVA) can be
employed to analyze the collected data in order to determine which factors are significant in
affecting the response variable (Hunter et al., 2021). ANOVA is a statistical technique that is
commonly used to analyze experimental data in order to determine whether there are significant
differences between groups or treatments. It is an important tool that can provide valuable insights
into the most significant factors in affecting the response variable in a Taguchi design, and can
help to optimize the design for the desired outcomes. After ANOVA, Tukey's Honestly Significant
Difference (Tukey's HSD) can also be used to establish which specific groups means differ
significantly from each other (Hunter et al., 2021). Tukey's HSD is a statistical method used to
determine whether there are significant differences between the means of multiple groups in a
dataset. The purpose of Tukey's HSD is to identify which specific group means differ significantly
from each other after finding a significant overall difference among the groups (Hunter et al.,

2021).
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In this research, smaller is better approach was used since minimizing the drying time was the
desirable characteristic (Sao et al., 2022). ANOVA was also used to establish the significant factors
in affecting the drying time.

2.6 Geothermal Dryers around the World

Geothermal heat has been used for drying food products successfully implemented in various parts
of the world, offering an eco-friendly and efficient alternative to conventional drying methods. In
Menengai, Kenya, GDC installed a 6-tonne semi-commercial batch dryer in 2019 (Kulundu et al.,
2022). It uses geothermal brine at 90°C that is passed through a heat exchanger, which then heats
fresh water to about 78°C. A suction pump is used to blow ambient air over the heated water
tubing, generating hot air at 45-55°C for the drying process. The hot air enters the drying chamber
through multiple inlet points, ensuring effective moisture removal from the maize grains. A
significant challenge faced by the dryer is uneven grain drying, where grains near the hot air inlet
dry faster than those near the exhaust end. This can lead to inconsistent moisture content in the
dried maize (Kulundu et al., 2022).

In New Zealand, geothermal steam and hot water have been utilized to dry Lucerne, resulting in
the production of protein concentrate and fibrous residue. The process has proven to be
commercially viable and plans for expansion are underway (Dorfeshan & Mehrzad, 2023).
Similarly, in Indonesia, a simulation was conducted to explore the use of waste geothermal brine
from geothermal fields for drying maize and beans. The simulation involved a fixed tray dryer
with a fluid-to-air heat exchanger, and the results highlighted the significance of geothermal brine
temperature, flow rate, and airflow velocity in determining the heat transfer rate (Bagaskara et al.,

2023; Sumotarto, 2007).

28



In Greece, geothermal energy was harnessed for tomato drying using mild temperatures and
extended residence time that preserves the quality and nutritional value of the dried tomatoes
(Sharmin et al., 2023).

In Indonesia, geothermal energy provides a clean and efficient source of heat for drying coconuts.
Hot brine or steam from geothermal wells is used in the drying process to minimize smoke
contamination. There is also the utilization of hot brine from geothermal as a drying medium to
dry tea leaves and it replaces the need for industrial diesel oil. This not only reduces costs but also
enhances sustainability (Bagaskara et al., 2023).

Helvaci et al. (2023) designed a geothermal dryer that utilized waste brine from a geothermal field
to dry olive leaves, demonstrating a significant reduction in drying time compared to traditional
open-sun drying methods. By leveraging geothermal waste heat, the system provided consistent
and controlled drying conditions, leading to improved product quality, reduced moisture content,
and enhanced energy efficiency.

2.7 Limitations of Geothermal Drying

One of the primary limitations of geothermal energy utilization for crop drying is its location-
specific nature. Geothermal resources are only available in certain areas, and therefore geothermal
energy use for direct uses like crop drying is constrained to these geographically limited regions.
As a result, geothermal crop drying can only be feasibly implemented in locations where suitable
geothermal fields exist and where the crops to be dried can be easily accessed. In Menengai,
Kenya, crop drying using geothermal is considered viable because this field is situated in Nakuru
County, a significant maize-producing region. Also, Trans-Nzoia and Uasin Gishu counties,
accounts for a substantial portion of the country's total annual production of maize (Khamala,

2016). The proximity of the Menengai geothermal field to major maize-producing areas makes it
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an attractive option for crop drying using geothermal energy. The Menengai geothermal field is
strategically located approximately 30 kilometers away from the National Cereals and Produce
Board (NCPB) storage silos. This proximity positions the area as a good target market for grain
drying utilizing geothermal energy as a substitute to traditional diesel-powered methods employed
by NCPB.

Fouling is a notable challenge that can be encountered when utilizing geothermal energy. Fouling
refers to the accumulation of materials on heat exchangers surfaces, which can lead to increased
thermal resistance and significantly impact their performance. This phenomenon is of particular
concern in geothermal crop drying systems, where the heat exchangers are used for thermal energy
transfer from geothermal brine to the drying air.

One common cause of fouling is scaling, where dissolved materials, such as silica, tend to separate
from the geothermal brine during the drying process. These dissolved materials may then remain
suspended in the brine or settle as small particles, ultimately adhering to the walls of the heat
exchanger. As the scaling builds up, it hampers the heat transfer efficiency of the exchanger,
reducing its ability to effectively heat the air for drying and thus affecting the overall drying
process.

In the case of the Menengai geothermal field, research done on MW-01 indicated that precipitation
of silica occurs at temperatures below 88°C (Kinyanjui, 2013). Since the temperatures found in
the Menengai field are above this threshold, this means that the risk of silica scaling was not
expected to be a significant issue in the geothermal crop drying process. This was a favorable

aspect that contributes to the viability of geothermal crop drying in the Menengai area.

30



Also, the location of this project was at the Menengai Direct Use Project site, which uses
geothermal brine from MW-12 to heat fresh water via a heat exchanger for pilot projects to avoid
fouling challenges. This geothermal-heated water was used for this project.

2.8 Summary of Literature Review

This literature review examines the current research on grain drying mechanisms, various types of
mechanical dryers, and the application of geothermal drying technologies globally. Drying
techniques such as open-sun drying and artificial drying methods like hot air, freeze, and spray
drying, are discussed, exploring their advantages and limitations.

The review details the psychometric factors critical to grain drying, such as relative humidity,
moisture content, and which influence the drying process. It further categorizes mechanical dryers
into batch and continuous dryers, explaining their operational mechanisms and suitability for
different grain types. The review further highlights the components of the geothermal dryers,
including heat exchangers, dryer cabinets, fan units, and drying trays, which work together to
optimize drying efficiency. Performance evaluation focuses on drying time, exploring the impact
of drying temperature, air velocity, and grain depth on the drying time of the geothermal dryers.
The review also discusses the optimization of dryer performance through methods like the Taguchi
method, which aims to enhance drying efficiency while minimizing resource consumption.
Finally, it surveys the global use of geothermal drying, showcasing successful implementations in
countries such as New Zealand, Indonesia, and Greece, while noting limitations such as
geographical constraints and fouling issues affecting heat exchangers. In summary, advancements
in dryer design, parameter optimization, and geothermal integration offer sustainable pathways to
enhance drying efficiency, reduce energy costs, and improve post-harvest quality in the

agricultural sector.
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CHAPTER THREE: MATERIAL AND METHODS
This chapter details the study area and the designing, sizing and assembly of the geothermal maize
dryer components. It then describes the process of fabricating and assembling the components to
get the dryer ready for performance evaluation. The chapter also describes the process of dryer

performance evaluation and optimization based on drying time.

3.1 Study Area

The study was conducted in Menengai Geothermal Field, Nakuru County in Kenya. The Menengai
Geothermal Field is under development with over 50 drilled wells by the Geothermal Development
Company (GDC) for development of a 105Mwe power plant in the first phase (GDC, 2010). The
reservoir temperatures from the drilled wells indicated temperature of over 280°C (Onyango,
2015). The drilled wells in the Menengai Geothermal Field have one-phase and two-phase flow
fluids with brine flow rates ranging from 50 to 230 tonnes per hour and enthalpy ranges of 1400
to 2600 kJ/kg (Onyango, 2015). This confirms that the Menengai Geothermal Field has the needed
parameters for geothermal energy direct uses. This project was undertaken at MW-03, where GDC
has existing direct use projects. The brine is pumped from MW-12 and passed through a heat
exchanger with fresh water to provide the heat required for the direct use projects. This project
utilized the same geothermal-heated water from the heat exchanger used for the other direct use

projects.
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Figure 3.1: Google map image showing the location of Menengai Crater with MW-03
highlighted in red (Source: Google Maps)

3.2 Design of the Geothermal Maize Dryer Components

The design of geothermal maize dryer was a batch-type cabinet dryer with 40kg capacity that was
equally divided into two trays with each tray holding 20kg of maize grain. This weight can be

handled by an individual conveniently without requiring any mechanical equipment to lift it.

33



3.2.1 Design of the Dryer Cabinet

The cross-sectional area of the trays determined the cabinet size.

a. Effective volume per tray

The total volume for each tray, I, was calculated by the equation (3.1) (Stephen & Emmanuel,
2009):

gr
Pgr

(3.1)

gr =

Where m,, is the maize grain mass per tra
gr g p y
Pgr is the maize bulk density

b. Cross-sectional area of the dryer cabinet

To determine the cross-sectional area of the dryer cabinet, A, equation (3.2) was used (Stephen

& Emmanuel, 2009):
Adge =7 (3.2)
Where Vy, is the total maize volume per tray
Lg, is the grain depth
3.2.2 Design of a Heat Exchanger

The selection of the counter flow design for the heat exchanger was based on its ability to achieve
the most efficient heat transfer from the geothermal-heated water to the surrounding air. In a
counter flow design, the fluid and the air flow in opposite directions within the heat exchanger.
This arrangement allows for a high degree of heat transfer through both convective and conductive

processes.
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During the design process, several key parameters were calculated as highlighted:

a. The rate of heat transfer

Assuming zero heat loss in the heat exchanger, from the law of conservation of energy, the rate of
heat transfer from the geothermal-heated water to the air is equal (Akpan et al., 2017):
Rate of heat transfer,é = 111, Cow (Tw1 — Tivz) = M, Cpa(Taz — Tag) (3.3)

Where

m,, and m, are the water and air mass flow rate respectively

Cywand C,, are the water and air specific heat capacity respectively

T,,1 1s the geothermal water temperature at heat exchanger entry

T,,, is the geothermal water temperature at heat exchanger exit

T, is the air temperature at dryer entry

T,, is the air temperature at dryer exit

b. Logarithmic Mean Temperature Difference (LMTD)

In a heat exchanger, the transfer of heat happens because of the temperature difference between
the two fluids involved in the process. As the fluids flow through the heat exchanger, their
temperatures change continuously along the length of the exchanger. LMTD is used to measure
the average difference in temperature between the cold and hot fluids along the heat exchanger.
The LMTD provides a more accurate representation of the temperature difference than using the
outlet and inlet temperatures of the two fluids.

LMTD, AT}, is defined by (Khamala, 2016);

(Twl - Taz) - (TWZ - Tal)

Tyw1 — Tap (3.4)
ln (TWZ - Tal)
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¢. Overall heat transfer coefficient

The overall coefficient of heat transfer, U represents the overall efficiency of transfer of heat
between the two fluids in the exchanger and it considers both the convection and conduction
mechanisms involved in the process. It is derived from the heat transfer equations of conduction
and convection (Twidell & Wyer, 2015):

1 103 . T
= “1n(=
U nh, + k n(rl) +

1
h_a (3.5)
Where

h,, is the geothermal-heated water coefficient of heat transfer, W/m?K
h, is the air coefficient of heat transfer, W/m?K

7, 1s the tube internal diameter, m

1, is the tube external diameter, m

k = thermal conductivity of tube material

d. Surface area of the heat exchanger

To determine the effective surface area of the heat exchanger, A the heat exchanger performance

equation is used (Khamala, 2016):

= nDL (3.6)

Where
D is the tube diameter, m

L is the tube length, m
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3.2.3 Design of the Fan Unit

The design of the fan unit was based on the moisture required to be taken away from the maize
and the amount of air required to remove the moisture.

a. Quantity of moisture required to be removed from the maize

The quantity of moisture that needs to be from the maize, M,, is determined by the difference in
moisture contents between initial and final measurements of the maize (Akpan et al., 2017; Tonui
et al., 2014):

MW _ Mi (mC]\-/vb_L - mcwbeq)
( mcwbeq)

(3.7)

Where M; is the maize initial mass in kg
mc,,p; 1 the maize initial moisture content
MCypeq 1 the equilibrium moisture content of the maize after drying

The moisture amount to be removed can also be calculated using the equation 3.8 (Tonui et al.,
2014):

M,, = M; — My (3-8)

Where M is the final measured weight of the maize after drying in kg

Since the final weight of the maize was not known before the experiment, equation (3.7) was used.

b. Air needed for drying

Air needed for maize drying is calculated using the air humidity and quantity of moisture that

needs to removed (Akpan et al., 2017; Tonui et al., 2014);
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My,
] (3.9)

Amount of air needed for drying, M, = [—RHf —RH,

Where RH; is the initial humidity in kg/kg of dry air
RH; is the final humidity in kg/kg of dry air

The equation for the air volume needed for drying, V, was calculated from eq. (3.10) (Khamala,
2016):

Air volume needed for drying, V, = ?a (3.10)

Where § is the air density, kg/m?

The equation used for air velocity, uy,;, needed for drying was calculated from eq. (3.11)

(Khamala, 2016):

(3.11)

Where V is the volume flow rate, m%/s
Ay 1s the dryer cabinet cross-sectional area in m?
The equation used to calculate the mass flow rate of air required to effect drying, m, (Akpan et
al., 2017) was:
My = 8 X Uggir X Age (3.12)

c. Pressure drop across the drying bed

Ergun's equation is used to optimize the design of packed beds and ensure proper fluid flow and
pressure distribution within the system. The equation accounts for both the kinetic energy loss due

to fluid flow through the void spaces between particles and the viscous energy loss due to fluid
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friction within the bed. Ergun's equation, 3.13 as used to determine the pressure drop (AP) across
a packed bed with small-sized particles, is stated (Jia et al., 2015):

AP 150u(1 —&)%uy  1.75(1 — &)pp?
L, e3d? e3d,

(3.13)
p

Where,
Ly, is the length of the drying trays in m
u is the viscosity of the fluid in kg/ms
¢ is the void space
U, is the velocity of the fluid in m/s
p is the density of the fluid in kg/m?
d, is the diameter of the grain in m

d. Heat supplied by the heated water

The amount of heat supplied by the geothermal-heated water per second was given by the equation
3.14 (Kinyanjui, 2013):
Qgb = My Cpw (Tpz — Tp1) (3.14)
Where
m,, is the water mass flow rate in kg/s

C

pw 18 the geothermal-heated water specific heat capacity in J/kg°C

e. Fan power

The fan power, Py determines the airflow required for the drying process. The pressure drop across

drying tray is equal to the static pressure that the fan needs to overcome (Jia et al., 2015). Therefore,

the equation of fan power is (Wilcke & Morey, 2015):
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P, = # (3.15)
X n f
Where
V is the volume flow rate of air in cfm (cubic feet per minute)
P; is the water static pressure in inches

1y is the efficiency of the fan (ranges between 30% to 70%)

3.3 Sizing of the Dryer Components

The geothermal dryer was designed as a batch dryer, with components sized according to
established design principles. The heat exchanger's surface area was calculated to efficiently
transfer heat from geothermal-heated water to the surrounding air. The fan unit's sizing ensured
sufficient airflow and uniform distribution. The dryer cabinet size accommodated the desired batch
of maize grains for effective drying. Proper sizing maximized efficiency and maintained the

quality of the final product.
3.3.1 Dryer Cabinet Sizing

The design of the cabinet was to accommodate 40kg batch of maize grain, split evenly into two
trays with 20kg each. The tray dimensions were calculated using equations 3.1 and (3.2), ensuring
each tray could hold the desired amount of grain. The cabinet allowed a 0.2m space above and
below each tray, with a 0.2m gap between them to facilitate proper airflow during the drying
process (Helvaci et al., 2023). The design allowed for manual loading without the need for

mechanical lifting equipment.
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3.3.2 Plate Heat Exchanger Sizing

The mass flow rate of air needed for drying, m, was determined using equation (3.12) and the
maximum drying air velocity was set as 0.5m/s. The rate of heat transfer, Q was calculated using
equation (3.3) to help establish the exit temperature of the geothermal-heated water. The LMTD,
AT was determined using equation (3.4) while the overall heat transfer coefficient, U was
determined using equation (3.5). Equations (3.4) and (3.5) were used to calculate the surface area
of the heat exchanger needed to increase the temperature of drying air from ambient to peak
experiment temperature of 50°C. Equation (3.6) was used to calculate the internal and external

diameter and length of tubes inside the exchanger.
3.3.3 Fan Unit Sizing

Equation (3.13) was used to calculate the pressure drop, AP using calculated values. Equation
(3.15) was used to calculate the fan power, Py using the calculated pressure drop. The cross-
sectional area of the cabinet where the fan was placed and drying air velocity were used to calculate
the volumetric airflow rate, V.

3.4 Evaluation of Dryer Performance

After sizing, fabrication of the dryer was done by cutting, welding, and assembly of the sheet metal
as per the specified dimensions. The fabricated dryer performance evaluation was based on the
drying time. Initially, the dryer was run to observe its running conditions with no load for 5 hours
with reading temperature readings taken at the dryer inlet, outlet and cabinet taken at 30-minute

intervals.
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3.4.1 Measuring Instruments

The measuring instruments used were tabulated in table 3.1:

Table 3.1: Measuring Instruments for the Geothermal Dryer

No. Parameter to Measured Instrument Make

1. Moisture content Grain moisture meter Superpoint

2. Air velocity Thermo-anemometer Extech Instruments

3. Flow rate Flow rate meter Extech Instruments

4. Temperature Thermometer Comark Instruments

5. Time Digital timer

6. Weight of the maize grain  Digital weighing scale Endeavour Instruments
7. Grain depth Ruler

3.4.2 Experimental Procedure

Before loading the dryer, it was run with no load until the required cabinet temperature level was
achieved. The initial maize moisture content was measured using a grain moisture meter while the
weight was recorded before loading using a digital weighing scale. The required grain layer
thickness was measured using a ruler and the resultant weight of the maize grains was taken and
both trays placed inside the cabinet dryer. Before the start of each experiment, the ambient
temperature was recorded using a thermometer while the cabinet temperature was pre-set. The
drying temperature was increased progressively from 40°C, 45°C to 50°C and the drying air
velocity was increased progressively from 0.2m/s, 0.35m/s to 0.5 m/s. The grain depth was also
increased progressively from 0.10m, 0.15m to 0.20 m. The axial fan was adjusted to achieve the
desired drying air velocity which was measured using a thermo-anemometer while the geothermal-

heated water flow rate was varied and measured using a flow rate meter to regulate the temperature
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of drying air. It was then loaded with the maize grains and after loading, measurements of inlet
and exit velocity, ambient, inlet and outlet temperature, were recorded using the respective
measuring instruments. The maize moisture content was measured at 30-minute intervals using a
digital timer until 13% moisture content was recorded. The total time taken for each experiment
was measured and recorded. Table 3.2 shows the parameter levels used in the experiment
(Kinyanjui, 2013; Osodo, 2018; Tonui et al., 2014):

Table 3.2: Parameters and Their Levels used in Evaluation of Dryer Performance

Factor Parameter Units Level 1 Level 2 Level 3
A Drying air temperature °C 40 45 50

B Drying air velocity m/s 0.2 0.35 0.5

C Grain layer depth m 0.10 0.15 0.20

To determine the effect of every parameter, each parameter was varied from Level 1 to Level 3
while the other two parameters were held constant to isolate the effect of that single parameter on
the outcome of the experiment. In this way, the specific effect of each parameter on the outcome
of the experiment was determined. The levels to be used for the constant values were selected
based on the typical values from previous experiments. For temperature, Khamala (2016) and
Kinyanjui (2013) found the best temperature for maize drying for human consumption as 43 °C.
Therefore, 45 °C was selected since it was the closest value to 43°C as determined by the two
researchers. For air velocity, Kinyanjui (2013) and Tonui et al. (2014) established an air velocity
range of 0.2 to 0.5 m/s as effective for thin-layer drying. Therefore, the air velocity selected was
0.35 m/s since it was the average value in both studies. Finally, to determine the constant value for
grain layer depth, the maximum depth for thin-layer drying was 0.20m according to

Akhtaruzzaman et al. (2021). Kinyanjui (2013) in his design of a geothermal grain dryer used
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maximum grain depth of 0.1m for each tray. Therefore, the average value of 0.15m was selected

for this research. The experiments were conducted as in table 3.3.

Table 3.3: Performance Evaluation of the Sized Geothermal dryer

A Effect of Drying air temperature

Experiment Air temperature (°C) Air velocity (m/s) Grain layer depth (m)
1 40 0.35 0.15

2 45 0.35 0.15

3 50 0.35 0.15

B Effect of Drying air velocity

Experiment Air temperature (°C) Air velocity (m/s) Grain layer depth (m)
4 45 0.2 0.15

5 45 0.35 0.15

6 45 0.5 0.15

C Effect of Grain layer depth

Experiment Air temperature (°C) Air velocity (m/s) Grain layer depth (m)
7 45 0.35 0.1

8 45 0.35 0.15

9 45 0.35 0.2

3.5 Optimization of Dryer Performance

The choice of optimal combination that resulted in minimum drying time was done using the

Taguchi Method. An L9 orthogonal array involving 9 experiments was used to determine the

drying times for each experiment as shown in table 3.4.
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Table 3.4: L9 Orthogonal Array: Experimental Plan

Experiment Parameter Levels Actual Values

Drying Air  Drying Grain Drying Air Drying Grain

Temperature Air Layer Temperature Air Layer

Velocity Depth °O) Velocity Depth
(m/s) (m)
1 1 1 1 40 0.2 0.10
2 1 2 2 40 0.35 0.15
3 1 3 3 40 0.5 0.20
4 2 1 2 45 0.2 0.15
5 2 2 3 45 0.35 0.20
6 2 3 1 45 0.5 0.10
7 3 1 3 50 0.2 0.20
8 3 2 1 50 0.35 0.10
9 3 3 2 50 0.5 0.15

Once the drying time for each experiment was determined, it was used to calculate the SNR.
The SNR for each parameter level was calculated to determine the optimum level for each
parameter using equation (2.5). Minitab 20 statistical software main effect plots was used to

confirm the results of the SNR calculations.
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3.6 Statistical Analysis

A three-way Analysis of Variance (ANOVA) was conducted using R-4.2.3 Programming
Software to assess the individual and interactive effects of drying air temperature (40°C, 45°C,
50°C), air velocity (0.2 m/s, 0.35 m/s, 0.5 m/s), and grain depth (0.1 m, 0.15 m, 0.2 m) on the

drying time.

Tukey's Honestly Significant Difference (Tukey's HSD) was also used to determine which
specific groups means had a significant difference from each other. This post-hoc test enabled

the identification of specific groups where drying times varied significantly.
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CHAPTER FOUR: RESULTS AND DISCUSSION
This chapter presents and analyzes the results that were acquired during the research process. First, the
dryer cabinet, fan unit, and heat exchanger were sized and the components fabricated and assembled
together. Secondly, the testing process was done and the results discussed. Finally, the optimization
process was done and the optimal values for drying air velocity, drying air temperature, and grain layer
depth presented and discussed.

4.1 Sizing and Fabrication of the Heat Exchanger, Fan Unit and Dryer Cabinet
4.1.1 Dryer Cabinet

The maximum weight of maize to be loaded on each tray was 20kg, which was an ideal weight for
a human being to load and unload without using mechanical equipment. The drying cabinet was
sized based on this weight using these calculations:

Equation (3.1) was used to determine the volume needed for one tray to hold maize grain bulk of
20kg. The density of the bulk maize grain before drying was 750 kg/m3. Therefore, the volume
for one tray holding 20kg of bulk maize grain was found to be 0.027 m3.

Equation (3.2) helped determine the cabinet tray dimensions with a maximum height of 0.2m. This
area was determined to be 0.13158m? and the sides were approximated to 0.55m x 0.25m. The
selected dimension of the two trays was 0.55m Length (L) x 0.25m Width (W) x 0.2m Height (H).
The upper and lower trays were spaced by a height of 0.20m while there was a space of 0.2m from
both the top section and bottom section of the dryer cabinet respectively to allow for air movement.
The overall dimension of the dryer cabinet was then 0.55m (L) x 0.25m (W) % 1m (H) was drawn

using AUTOCAD 2018 as shown in figure 4.1.
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Figure 4.1: Engineering Drawing of the Geothermal Dryer Front View

4.1.2 Heat Exchanger

The heat exchanger dimensions were calculated using these equations. Equation (3.12) was used

to calculate the mass flow rate of air needed to dry with the maximum air velocity for the

experiment of 0.5m/s, the cross-sectional area, and the air density of 1.225 kg/m?>. The mass flow

rate of air was determined as 0.245 kg/s.

Equation (3.3) was applied to establish the heat transfer rate using the air specific heat capacity of

1005 J/kg°C, maximum temperature of the experiment of 50°C, and inlet ambient temperature of

20°C. The heat transfer rate was determined as 7386.75W. The calculated rate of heat transfer was

used to calculate exit temperature for the heated water. The specific heat capacity of geothermal-

heated water of 4184 J/kg°C, minimum flow rate of geothermal-heated water of 0.5kg/s and inlet
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water temperatures of 78°C. The exit temperature for the heated water was determined to be
74.5 °C.

The LMTD was determined using equation (3.4) to be 39.8 °C. The overall heat transfer coefficient
was calculated using equation (3.5) with internal radius, r; = 0.01m and external radius, r, =
0.0125m to give 86.8 W/m?K.

The length, surface area, internal and external diameter of the heat exchanger tubes were
determined from equation (3.6). The heat exchanger tube was selected to have an internal diameter
0f 0.02m and a thickness of 0.0025m. The heat exchanger had a copper tube with external diameter

0f 0.0225m and a length of 34m calculated from equation (3.6).

4.1.3 Fan Unit

Equation (3.13) was used to determine the pressure drop in the sized dryer cabinet. The void space,
€ was calculated as:

_ Empty volume of cabinet  0.0825

= = = 0.6
Total volume of cabinet  0.1375

Other values in Ergun's equation were determined from these measurements:
Ly, is the length of the bed = 0.55m
u is the fluid viscosity of air at 15°C = 1.81 x 10~ kg/ms
¢ is the void space = 0.6
Uy is the fluid velocity of air at 15°C = 0.5m/s
p is the fluid density of air at 15°C = 1.225kg/m?
dp is the grain diameter = 9mm
The pressure drop, AP was calculated using equation (3.13) with these calculated values:

AP = 6.83 Pa
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Equation (3.15) was used to calculate fan power, Pr. Volumetric airflow rate, V was:
V=uy;xA=05x(025x1)=0.125m3/s
To convert the volumetric airflow rate to cfm;
1m3/s = 2118.9 cfm
Therefore,
0.125 m3/s = 264.86 cfm
To convert the pressure drop to inches of water;
249.082 Pa = 1 inch of water
Therefore,

6.83 Pa = 0.027 inch of water

_264.86 x 0.027

P, = = 0.002 HP
s 6356 % 0.6

To convert the horse power to kilowatts:
1 HP = 0.746kW
Therefore,
0.002 HP = 0.0014kW
The minimum fan power required was a 0.0014kW axial fan. A 0.035kW fan that was readily

available was selected and its speed was regulated using a voltage regulator.
4.1.4 Fabrication and Assembly

The geothermal cabinet of the dimensions 0.55m (L) x 0.25m (W) x 1m (H) was fabricated using
16-gauge sheet metal (1.6mm) with a chimney to allow wet air to flow out of the cabinet. The axial
fan and heat exchanger housing were also fabricated using the 16-gauge sheet metal and secured

with nuts and bolts to the cabinet for easy installation and maintenance of the heat exchanger and
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fan. The designed cabinet trays were fabricated with wire mesh to increase air flow and were
designed to be removable for ease of loading and unloading of the maize grains as shown in figure

4.2.

Figure 4.2: The Fabricated Geothermal Maize Dryer (Front View)

The fan unit and the heat exchanger were then attached to the dryer cabinet. The inlet and outlet
of the heat exchanger were on the bottom side for ease of connection. Figure 4.3 shows the side

view of the geothermal dryer.
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4.2 Effect of the Selected Parameters on the Total Drying Time

4.2.1 Unloaded Dryer

The unloaded dryer was initially run with no load for 5 hours to assess its heating capacity. The
axial fan was run and the geothermal-heated water allowed to flow through the heat exchanger.

The inlet (ambient) and cabinet temperature measurements were taken at 30-minute intervals and

the results tabulated in Appendix I, Table Al.
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Figure 4.3: The Fabricated Geothermal Maize Dryer showing the installed fan unit but the heat
exchanger is not visible (Side View)
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Figure 4.4 shows that the range of the ambient temperature was 22.3 °C to 25.1 °C while the range
of cabinet temperature was from 24.3 °C to 56 °C for the five-hour experiment. The cabinet
temperature range was ideal for drying maize since it was within the recommended range for

drying maize for human consumption (Khamala, 2016).
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Figure 4.4: Variation of Temperature for the Unloaded Geothermal Dryer

Figure 4.4 shows that the cabinet temperature steadily increased over time, while the ambient
temperature also increased slightly due to the time of day. During the first 30 minutes of the
experiment, there was a relatively rapid increase in the cabinet temperature, which suggests that
the heating system was initially warming up or stabilizing. After this initial period, the rate of
increase in cabinet temperature slowed down, but still continued to rise steadily until it peaked at
a maximum value of 56 °C. Further, although the ambient temperature increased slightly over
time, it is not as significant as the increase in cabinet temperature, which indicated that the cabinet

was able to maintain a consistent temperature, despite fluctuations in the surrounding environment.
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It was important to determine the geothermal-heated water flow rates required to achieve the
required cabinet temperatures for the experiment. It was possible to vary the cabinet temperature
by regulating the the geothermal-heated water flow rate (Abd et al., 2018). This was tested on the
unloaded dryer to determine the volumetric flow rates required to achieve the temperatures for
testing the geothermal dryer. The measurements were taken at the three drying air velocities of
0.2m/s, 0.35m/s and 0.5m/s and were tabulated in Appendix I, Table A2. From the analysis, graphs

were generated and they were represented in figures 4.5, 4.6 and 4.7.

Measurements at 0.2m/s Air Velocity
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Figure 4.5: Measured volumetric flow rate of geothermal-heated water at 0.2m/s air velocity

and the corresponding ambient and cabinet temperatures

In the three experiments shown in figure 4.5, air was blown inside the cabinet dryer at a constant
air velocity of 0.2m/s to be heated up by the geothermal-heated water that flows through the heat
exchanger. During the experiments, the ambient temperature ranged between 23.9 °C and 24.5 °C.
As the flow rate of geothermal-heated water is increased from 0.21L/s to 0.32L/s, the cabinet

temperature increases from 40 °C to 45 °C. When the flow rate is further increased to 0.54L/s, the
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cabinet temperature increases to 50 °C. From the graph, as the flow rate of geothermal-heated
water increases, we observe a general trend of an increase in the average cabinet temperature. This
experiment provided the required geothermal-heated water flow rates required to achieve the

drying temperatures of 40 °C, 45 °C and 50 °C as 0.21L/s, 0.32L/s, and 0.54L/s respectively.

Measurements at 0.35m/s Air Velocity
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Figure 4.6: Measured volumetric flow rate of geothermal-heated water at 0.35m/s air velocity

and the corresponding ambient and cabinet temperatures

In the three experiments shown in figure 4.6, the drying air at ambient temperature was blown
inside the cabinet dryer at a constant velocity of 0.35m/s and passed through the geothermal-heated
water heat exchanger. The ambient temperature of the drying air ranged from 23.8 °C to 24.4 °C
and it was required to be heated to the experimental drying air temperatures of 40 °C, 45 °C, and
50 °C. From the graph, to achieve a cabinet temperature of 40 °C, the drying air was heated from
an ambient temperature of 23.8 °C using a geothermal-heated water flow rate of 0.47L/s. To
achieve a cabinet temperature of 45 °C, the drying air was heated from an ambient temperature of

24.4 °C using a geothermal-heated water flow rate of 0.59L/s. Similarly, to achieve a cabinet
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temperature of 50 °C, the drying air was heated from an ambient temperature of 24.1 °C using a
geothermal-heated water flow rate of 0.71L/s. These experiments provided the flow rates of the

geothermal-heated water required to achieve the experimental cabinet temperatures at an air

velocity of 0.35m/s.
Measurements at 0.5m/s Air Velocity
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Figure 4.7: Measured volumetric flow rate of geothermal-heated water at 0.5m/s air velocity

and the corresponding ambient and cabinet temperatures

In the three experiments shown in figure 4.7, the drying air at ambient temperature was blown
inside the cabinet dryer at a constant velocity of 0.5m/s and passed through the geothermal-heated
water heat exchanger. The ambient temperature of the drying air ranged from 23.9 °C to 24.6 °C
and it was required to be heated to the experimental drying air temperatures of 40 °C, 45 °C, and
50 °C. From the graph, to achieve a cabinet temperature of 40 °C, the drying air was heated from
an ambient temperature of 24.3 °C using a geothermal-heated water flow rate of 0.74L/s. To
achieve a cabinet temperature of 45 °C, the drying air was heated from an ambient temperature of

24.6 °C using a geothermal-heated water flow rate of 0.88L/s. Similarly, to achieve a cabinet
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temperature of 50 °C, the drying air was heated from an ambient temperature of 23.9 °C using a
geothermal-heated water flow rate of 1.02L/s. These experiments provided the flow rates of the
geothermal-heated water required to achieve the experimental cabinet temperatures at an air
velocity of 0.35m/s.

These results demonstrated that it was possible to vary the cabinet temperatures using the
geothermal water flow rate at different air velocities. This data is valuable for designing systems

that involve geothermal heating for temperature control.
4.2.2 Effect of Drying Air Temperature

Table 4.1 shows the three experiments that were conducted to determine how varying drying air
temperature affected the drying time.

Table 4.1: Effect of Air Temperature on Total Drying Time

Experiment  Air Temperature (°C)  Air Velocity Grain Layer Depth (m)

(m/s)
1 40 0.35 0.15
2 45 0.35 0.15
3 50 0.35 0.15

A grain moisture tester was used to measure the moisture content of the maize grains at 30-minute
intervals until the recorded moisture content was at least 13%. The initial and final weight of each
maize grain sample were also recorded. This was repeated for the three experiments and the results

tabulated in Appendix I, Table A3.
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Figure 4.8: Variation of the moisture content of the maize grain samples with drying time for

different drying air temperatures

Figure 4.8 shows the moisture content variation of the maize grains with drying time for different
drying air temperatures. It shows that for the three different temperatures, the moisture content
reduced as the drying time increased. From the results, the least total drying time required to
achieve of at least 13% wb was 300 minutes (5 hours) that was achieved at an air temperature of
45°C and 50°C. The final moisture content recorded at 45°C was marginally higher at 13%wb
compared to the last moisture content recorded at 50°C of 12.9%wb. This could indicate that
although the moisture content readings were taken at 30-minute intervals, the 13% moisture
content was achieved at a slightly shorter time at 50°C than at 45°C. From the recorded results,
increasing the drying air temperature from 40°C to 45°C reduced the total drying time by 30

minutes, which was the interval time between measurements. However, increasing the drying
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temperature further from 45°C to 50°C did not result in any in the drying time reducing as both the
recorded drying times were similar. Kinyanjui (2013) and Tonui et al. (2014) also reported that
drying air temperature increase resulted in reducing the total drying time. Further, Osodo (2018)
similarly reported that increasing the drying temperature had an effect of increasing the moisture

removal rate which ultimately reduced the total drying time.
4.2.3 Effect of Air Velocity

Table 4.2 shows the three experiments used to determine how varying the drying air velocity
affected the drying time.

Table 4.2: Effect of Drying Air Velocity on Total Drying Time

Experiment Drying Air Drying Air Temperature Grain Layer
Velocity (m/s) ©O) Depth (m)
1 0.2 45 0.15
2 0.35 45 0.15
3 0.5 45 0.15

A grain moisture tester was used to measure the maize grains moisture content at 30-minute
intervals until the recorded moisture content was at least 13%. The initial and final weight of each
maize grain were also recorded. This was repeated for the three experiments and the results
tabulated in Appendix I, Table A4.

Figure 4.9 shows a graph indicating how the maize moisture content varied with drying time for
different air velocities. The least total drying time required to attain a moisture content 13% was
270 minutes (4 2 hours) which was achieved with 0.5 m/s air velocity while maximum total drying

time of 330 minutes (5 '2 hours) was achieved with 0.2m/s air velocity. The recorded results
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indicate that increasing the air velocity directly affected the drying time. This is an indication that
the greater air velocity results in faster removal of the moisture to the atmosphere from the grain
surface. Helvaci et al. (2023) reported similar results which indicated that increasing the drying air
velocity caused an increase of moisture removal rate which consequently reduced the drying time.
Osodo (2018) also established that 0.41m/s air velocity achieved the highest drying efficiency
experiment where drying air velocity was varied from 0.21 m/s to 0.41 m/s. This indicated that an
increase in air velocity had an effect of decreasing the drying time since the moisture removal rate
was increased.
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—8— Air velocity at 0.2 —A— Air velocity at 0.35 -l Air velocity 0.5

17\\“§%
j—2——

0 30 60 90 120 150 180 210 240 270 300 330 360 390
Drying Time (Minutes)

—_ = N
o O O

Moisture content (%owb)
-8 » B o0 o

—_
(=]

Figure 4.9: Graph that indicates the variation of the moisture content of the maize grains with

drying time for different air velocities

4.2.4 Effect of Grain Layer Depth

Table 4.3 shows the three experiments used to determine how varying the grain layer depth

affected the drying time.
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Table 4.3: Effect of Grain Layer Depth on Total Drying Time

Experiment Grain Layer Depth Drying Air Temperature Drying Air
(m) °O) Velocity (m/s)
1 0.1 45 0.35
2 0.15 45 0.35
3 0.2 45 0.35

A grain moisture tester was used to measure the maize grains moisture content at 30-minute
intervals until the recorded moisture content was at least 13%. The initial and final weight of each

maize grain were also recorded. This was repeated for the three experiments and the results

tabulated in Appendix I, Table AS.
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Figure 4.10: Variation of moisture content of the maize grains with drying time for three

different grain depths
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Figure 4.10 shows a graph that indicates how the moisture content of the maize varied with drying
time for three different grain depths. From the graph, similar total drying times of 300 minutes (5
hours) were achieved with grain depths of 0.15m and 0.2m while minimum total drying time of
270 minutes (4 %2 hours) was achieved with a grain depth of 0.1m.

These results indicate that as the grain depth is increased, the total drying time increases because
when the depth is smaller, there is lesser static pressure needed to move the air through the maize
grains than when the depth is larger. This research used the thin-layer drying theory which states
that a grain depth of 0.2m is the maximum value for thin-layer drying. Sadaka (2022) determined
that decreasing grain depth from 0.1m to 0.0025m resulted in an increase of the drying rate of
rough rice. Similar results by Sarker, Islam, and Shaheb (2012) indicated that the drying rate of
potato slices increased as the thickness of the potato slices was decreased.

4.3 Optimization and Analysis of Variance (ANOVA)

4.3.1 Optimum Combination of Drying Air Temperature, Drying Air Velocity, and Grain

Layer Depth

Figure 4.11 shows a graph of the measured total drying time obtained from each of the nine
experiments in the L9 orthogonal array shown in table 3.4. The tabulated results were tabulated in
Appendix IIA, Table Al. The total drying time was used as the objective function to compute the

SNR.
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Figure 4.11: Graph showing the total drying times for the L9 orthogonal array experiments
The drying time is a performance measure that follows a "smaller-is-better" Taguchi approach,
meaning that a shorter total drying time corresponds to better performance for the geothermal

dryer. To calculate the SNR for this type of performance measure, Equation (2.5) was used.

v,
SN5=—10l0g10 Ezyl

i=1
The calculated SNR values for each of the nine experiments were recorded in Table 4.4. The
average SNR for each individual parameter and each level was calculated and presented in
Appendix IIA, Table A2. Table 4.4 shows that the highest SNR for drying air temperature, drying
air velocity, and grain layer depth are level 3 (-49.24), 3 (-48.93) and 1(-49.51) respectively.

Table 4.4: Calculated Signal to Noise Ratio for Drying Time

Experiment 1 2 3 4 5 6 7 8 9

SNR -50.37 -50.37 -49.54 -50.37 -50.37 -48.63 -49.54 -49.54 -48.63
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Figure 4.12 shows the parameter level with the highest SNR and the optimal level for each

parameter.
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Figure 4.12: Average SNR for individual parameters at each level

The calculated results were verified using the main effects plots in figure 4.13 from Minitab 20
which indicated the highest mean SNR values for the three levels of drying air temperature, drying
air velocity, and grain layer depth were level 3, 3, and 1 respectively. Therefore, the optimal
combination for minimum total drying time is 50°C drying air temperature, 0.5m/s drying air
velocity, and 0.1m grain layer depth.

From the results, a temperature of 50°C was the optimal level for drying maize in the geothermal

dryer. This temperature is high enough to evaporate the moisture in the grain but not too high to
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Figure 4.13: Main effects plot for SNR for temperature, velocity, and grain depth

cause damage to the maize grain. Higher temperatures may lead to over drying and cracking of the
grains. Syariffuddeen et al. (2020) conducted a study which determined that drying maize above
50°C resulted in single and multiple stress cracking, which reduces the quality of the dried grains.
Another research by Akowuah et al. (2018) focusing on kernel damage and grain quality
determined that the optimal drying temperature of 50°C does not affect the quality and germination
viability of maize grains. Also, a study by Abasi and Minaei (2014) to determine how the drying
air temperature affected the quality of dried grains determined that an increase in the drying air
temperature had resultant decrease in the drying time. Their research proposed that for maize

meant for storage, lower temperatures of between 40°C and 50°C were recommended as this

resulted in better grain quality.
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The optimization results showed that air velocity of 0.5m/s was the optimal level for drying in
the geothermal dryer. Similar research by Kinyanjui (2013) used a drying air velocity of 0.5m/s
to design a geothermal maize dryer to successfully dry maize grains from 27% to 13%wb. These
results are similar to the research by Pupinis (2008) on grain drying using comparative air flow,
the researcher reported that air velocity of 0.15m/s to 0.42m/s had similar energy consumption
but an increase in the air velocity beyond this point resulted in increased energy consumption for
the grain dryer. Increasing air velocity helps increase the rate of moisture transfer from the grain
to the surrounding air, and prevents moisture accumulation in the surrounding air, both of which
contribute to reducing drying time. However, higher air velocities result in increased energy
consumption and thus reduced energy efficiency. When the drying air velocity is too slow, it can
result in extended drying times and a risk of grain spoilage from rewetting of the grains due to

moisture accumulation.

The results of this study found that a grain depth of 0.1m was the optimal level for drying in the
geothermal dryer. These results tally with the results of the experiment conducted by Osodo
(2018) to assess how grain layer thickness affected the rate of moisture removal of maize and
determined that the rate of moisture removal reduced with increase in grain layer depth due to
increased drying air saturation. Similar research by Kajuna et al. (2001) on drying of cassava
roots noted that a shallower layer of the cassava roots resulted in a shorter time in achieving the
equilibrium moisture content of the cassava roots. This means that a shallow grain depth allows
for more efficient airflow through the grain, which facilitates the removal of moisture. As air
flows through the grain, it absorbs moisture and carries it away, but when grain layer is deep, the

airflow is restricted and less effective in removing moisture.
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Overall, the results indicate that the combination of 50°C temperature, 0.5m/s air velocity, and
0.1m grain depth provides the best conditions for drying in the geothermal dryer, resulting in the
shortest drying time. This information is important in optimizing how to design and operate

geothermal dryers efficiently and cost-effectively for drying maize grains.

4.3.2 Analysis of Variance (ANOVA)

ANOVA was conducted to determine whether the three variables, namely temperature, velocity,
and grain layer depth significantly affected total drying time. Three-way ANOVA was conducted
and the results showed no significant effects for temperature (F = 7.00, p = 0.125), velocity (F =
16.00, p = 0.059) or grain layer depth (F = 1.00, p = 0.500) (Appendix IIB, Table A3). However,
as the p-value of velocity was marginally greater than 0.05, two-way ANOVA tests were

performed.

Two-way ANOVA was performed with a combination of temperature and velocity on the drying
time, temperature and grain layer depth, and velocity and grain layer depth on the drying time.
Two-way ANOVA results of analyzing temperature and velocity effects on the drying time
showed that both temperature [F(2,4)=7.00, p=0.0494] and velocity [F(2,4)=16.00, p=0.0123]
significantly affected the drying time (Appendix IIB, Table A4). These results show that
varyingtemperature and velocity can lead to significant changes on the drying time. The results
of the two-way ANOVA analyzing the effects of velocity and grain layer depth on the drying
time showed that velocity [F(2,4)=4.00, p=0.111] had a marginally significant effect on the
drying time, while grain layer depth [F(2,4)=0.25, p=0.790] did not have a significant effect
(Appendix IIB, Table AS). The results of the two-way ANOVA analyzing the temperature and

grain layer depth effect on the drying time showed that neither temperature [F(2,4)=0.824,
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p=0.502] nor grain layer depth [F(2,4)=0.118, p=0.892] significantly affected the drying time
(Appendix IIB, Table A6). The results showed that varying temperature and grain layer depth
does not have a significant effect on the the drying time. These results show that varying velocity
may have a moderate effect on the drying time , while varying grain depth does not appear to

have a significant effect.

After establishing that varying temperature and velocity can lead to significant changes on the
drying time, a Tukey’s HSD post-hoc test was performed to examine which particular groups
were significantly differed from each other. The post-hoc results established that there was a
significant statistical difference between temperatures of 50°C and 40°C (p=0.045). There is also
a significant statistical difference between the drying air velocities of 0.5m/s and 0.2m/s
(p=0.018) and between air velocities of 0.5m/s and 0.35m/s (p=0.018) (Appendix IIB, Table A7).
The Tukey post-hoc test revealed that a temperature of 50°C resulted in reduced drying time than
45°C by 20 minutes; and similarly resulting in reduced drying time by 30 minutes than a
temperature of 40°C. Also, increasing air velocity from both 0.2m/s to 0.35m/s and 0.35m/s to
0.5m/s resulted in reduced drying time by 40 minutes each. These results further support that the
optimal temperature and air velocity from maize drying from the experiments were 50°C and

0.5m/s respectively.
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

A geothermal maize dryer with 0.55m (L) x 0.25m (W) x Im (H) dimensions and a drying capacity
of 40kg was designed, tested, and optimized for drying maize grains to a moisture content of 13%
moisture content wet bulb in Menengai Menengai Geothermal Project Site in Nakuru County
weather conditions. The dryer had an axial fan with a power rating of 0.035kW and a heat
exchanger with overall heat transfer coefficient of 86.8 W/m?K.

Experiment evaluating the effect of drying air temperature on the total drying time showed that at
40°C, the total drying time taken to attain 13% wb moisture content was 5 'z hours. The total
drying time reduced to 5 hours after increasing the drying air temperature to 45°C. Increasing the
drying air temperature to 50°C had no effect on the total drying time which remained at 5 hours.
These results show that increasing the temperature from 40°C to 45°C has a direct effect of
reducing the total drying time by 30 minutes. However, further increasing from 45°C to 50°C did
not change the total time of drying which remained unchanged at 5 hours.

The experiments evaluating how drying air velocity affected the total time of drying established
that at 0.2m/s air velocity the total drying time to attain 13% wb moisture content was 5 2 hours.
Increasing it to 0.35m/s reduced the total drying time to 5 hours while further increasing in the to
0.5m/s had an effect of a further reduction in the drying time to 4 'z hours. Therefore, increasing
the drying air velocity had an effect of reducing the total drying time.

The experiments evaluating how grain layer depth affected the total drying time determined that
at 0.1m depth, the total time for drying required to attain a moisture content of at least 13% wb
was 4 2 hours. When the grain layer depth was increased to 0.15m, the total drying time increased

to 5 hours. Further increase in the grain layer depth to 0.2m did not change the total drying time
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which remained at 5 hours. Therefore, the minimum drying time of 4 2 hours was achieved with
a grain depth of 0.1m while a drying time of 5 hours was achieved with grain depths of 0.15m and
0.2m. Therefore, as the grain depth was increased the drying time increased from 4 2 hours at
0.1m to 5 hours with grain depths of both 0.15m and 0.2m.

Results for selecting the optimum parameters showed that the best combination to achieve
minimum drying time using the Taguchi Method were 0.1m grain layer depth, 50°C drying air
temperature, and 0.5m/s drying air velocity for the geothermal dryer. The performance analysis of
this geothermal dryer provided valuable insights on its potential to the small-scale maize farmers
within the community who can take advantage of the geothermal resources. This is a viable option
for localized grain processing by efficiently handling small maize grain batch sizes to improve
storage longevity.

5.2 Recommendations

1. The findings of this study can be adopted by farmers, agribusinesses, and policymakers to
promote sustainable maize drying using geothermal energy. Government incentives and
regulatory support can facilitate adoption, while agribusinesses can integrate geothermal
drying to reduce energy costs.

2. Further research on the energy efficiency of the geothermal dryer can be explored.

3. Further research can be focused on how the drying process impacts the nutritional value of

dried maize grains.
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APPENDICES
Appendix I: Results of Dryer Performance

Table Al: Temperature Variations for Unloaded Dryer

Time (Minutes)  Inlet (Ambient) Temperature (°C)  Cabinet Temperature (°C)

0 223 243
30 22.9 41.6
60 23.5 48.3
90 23.9 52.1
120 24.8 543
150 25 55.5
180 25.1 55.9
210 25.2 56
240 253 56
270 25.2 56
300 25.2 56

Table A2: Volumetric Flow Rate to Vary Cabinet Temperature at different Velocities

At 0.2m/s Air Velocity
Experiment Volumetric flow rate of Inlet (Ambient) Average Cabinet
Geothermal-heated water Temperature Temperature (°C)
(L/s) ()
1 0.21 243 40
2 0.32 24.5 45
3 0.54 23.9 50
At 0.35m/s Air Velocity
Experiment Volumetric flow rate of Inlet (Ambient) Average Cabinet
Geothermal-heated water Temperature Temperature (°C)
(L/s) ()
4 0.47 23.8 40
5 0.59 24.4 45
6 0.71 24.1 50
At 0.5m/s Air Velocity
Experiment Volumetric flow rate of Inlet (Ambient) Average Cabinet
Geothermal-heated water Temperature Temperature (°C)
(L/s) (9]
7 0.74 243 40
8 0.88 24.6 45
9 1.02 23.9 50
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Table A3: Measurement Results for Effect of Drying Air Temperature

Experiment Total Drying Time Moisture Content Weight (Kg)
(Minutes) to achieve MC (%owb)
of below 13% wb
Initial Final Initial Final
1 330 19.3 12.9 28.7 25
2 300 19.4 13 28.7 25.3
3 300 19.3 12.9 28.8 25.5
Table A4: Measurement Results for Effect of Drying Air Velocity
Experiment Total Drying Time Moisture Content Weight (Kg)
(Minutes) to (%wb)
achieve MC of .. . .. .
below 13% wb Initial Final Initial Final
1 330 19.3 13 28.4 24.5
2 300 19.4 13 28.6 24.7
3 270 194 12.9 28.5 24.9
Table AS: Measurement Results of the Effect of Grain Layer Depth
Experiment Total Drying Moisture Content Weight (Kg)
Time (Minutes) (%owb)
to achieve MC . . . .
of below 13% Initial Final Initial Final
wb
1 270 19.3 13 18.1 15.5
2 300 19.4 13 28.6 24.8
3 300 19.3 13 36.7 32.1
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Appendix II: Dryer Optimization

Appendix ITA: Taguchi Design
Table Al: Drying times for the L9 Orthogonal Array Experiments

Experiment Actual Values of Parameter/ Levels Total Drying Time
Drying Air Drying Air Grain (Minutes) to achieve

Temperature Velocity Layer MC of below 13%
O (m/s) Depth (m) wb
1 40 0.2 0.10 330
2 40 0.35 0.15 330
3 40 0.5 0.20 300
4 45 0.2 0.15 330
5 45 0.35 0.20 330
6 45 0.5 0.10 270
7 50 0.2 0.20 300
8 50 0.35 0.10 300
9 50 0.5 0.15 270

Table A2: Average SNR for individual parameters at each level

Level Drying Air Temperature Drying Air Velocity Grain Layer Depth
1 -50.09 -50.09 -49.51
2 -49.79 -50.09 -49.79
3 -49.24 -48.93 -49.82

Appendix IIB: ANOVA Results

Table A3: Three-Way ANOVA for Drying Time
Df Sum Sq Mean Sq F value Pr(>F)
TEMPERATURE 2 1400 700  70.1250
VELOCITY 2 3200 1600 160.0588.
GRAIN DEPTH 2 200 100 1 0.5000
Residuals 2 200 100

Signif. codes: 0 "***'(0.001 '"**'0.01 "*'0.05''0.1"'"'1
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Table A4: Two-Way ANOVA for Drying Time (Temperature and Velocity)
Df Sum Sq Mean Sq F value Pr(>F)
TEMPERATURE 2 1400 700  70.0494 *
VELOCITY 2 3200 1600 160.0123 *
Residuals 4 400 100

Signif. codes: 0 "***'(0.001 '"**'0.01 "*'0.05''0.1"'"'1

Table AS: Two-Way ANOVA for Drying Time (Velocity and Grain Layer Depth)
Df Sum Sq Mean Sq F value Pr(>F)
VELOCITY 2 3200 1600 4.00 0.111
GRAIN_DEPTH 2 200 100 0.25 0.790
Residuals 4 1600 400

Table A6: Two-Way ANOVA for Drying Time (Temperature and Grain Layer Depth)
Df Sum Sq Mean Sq F value Pr(>F)
TEMPERATURE 2 1400 700 0.824 0.502
GRAIN DEPTH 2 200 100 0.118 0.892
Residuals 4 3400 850

Table A7: Tukey’s HSD Results
$TEMPERATURE
diff  lwr upr padj
45-40 -10-39.09985 19.0998464 0.5014690
50-40 -30-59.09985 -0.9001536 0.0454650
50-45 -20-49.09985 9.0998464 0.1431828

$VELOCITY

diff lwr upr padj
0.35-0.2 5.684342e-14 -29.09985 29.09985 1.0000000
0.5-0.2 -4.000000e+01 -69.09985 -10.90015 0.0175225
0.5-0.35 -4.000000e+01 -69.09985 -10.90015 0.0175225
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Appendix III: Publications
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Design and performance evaluation of a geothermal dryer for

maize drying

Patrick Gitu'*, Booker Osodo?, Willis Ambusso?

(1. Kenyatta University P.O Box 43844-00100 Nairobi, Department of Energy, Gas and Petroleum;
2. Kenyatta University P.O Box 43844-00100 Nairobi, Department of Physics)

Abstract: Exploiting geothermal energy to dry crops needs a properly designed geothermal crop dryer that is sized to
meet the drying requirements of the crops to be dried. This study designed and fabricated a geothermal maize dryer that
was tested to determine the drying time required to drying maize grains to 13% w.b. (wet basis) moisture content at
Menengai Geothermal Project site within Nakuru County, Kenya. The main components of the geothermal dryer
comprised of a dryer cabinet, heat exchanger, and fan unit. Once the air used for maize drying was heated by the heat
exchanger, the sized fan unit blew hot air across the maize grains. Geothermal water from a discharging well within the
project site supplied the heat to the sized heat exchanger. The designed geothermal maize dryer cabinet had dimensions
of 0.55 m x 0.25 m x 1 m with 40 kg drying capacity, a 0.035 kW axial fan with a 0.035 kW motor, and a heat exchanger
with an overall heat transfer coefficient of 86.8 W m™? K-!. The experimental results of the designed geothermal dryer
showed that increasing the drying air temperature and drying air velocity inside the dryer resulted in reducing the total
drying time while increasing the grain layer depth resulted in increased drying time. Experimental results revealed that
the shortest drying time required to reduce the moisture content of maize from 19.3% w.b. to 12.9% w.b. was 4 5 hours,
achieved using a drying air temperature of 45°C, a drying air velocity of 0.5 m s™!, and a grain layer depth of 0.15 m.
This is significantly lower than the average of 5 days it takes to dry maize in open-sun drying.

Keywords: geothermal dryer, maize drying, dryer cabinet, heat exchanger, fan unit, drying time

Citation: Gitu, P., B. Osodo, and W. Ambusso. 2024. Design and performance evaluation of a geothermal dryer for

maize drying. Agricultural Engineering International: CIGR Journal, 26(1): 269-277.

. numerous benefits such as extended shelf life,
1 Introduction . . . .
minimized risk of aflatoxin formation, and decreased

Drying agricultural products is a traditional
method for preserving various foods like grains, meat,
and fish. Since most farm products are not consumed
immediately after harvesting, post-harvest processing
such as drying is necessary (Popovska-Vasilevska,
2003). Food drying helps to lower the moisture

content of the food products, which provides
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mold growth. It also helps in reducing transportation
and storage costs.

In general, the drying process involves the
transfer of heat and mass water. The drying air is
heated and then blown over the product to be dried.
The heat then conducts inward through the product,
which raises the temperature of the product
continuously until the moisture at the product surface
starts to evaporate. As the heated air continuously
blows over the product to be dried, it absorbs
moisture from the surface of the product and carries it

away, maintaining a constant supply of dry air for
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Abstract

Efficient drying of maize plays a crucial role in preserving its quality and ensuring food security. This study investigated
the performance of an experimental geothermal maize dryer under various drying conditions and optimized its param-
eters for improved drying time. The objective was to 1dentify the best combination of drying air velocity, air temperature,
and grain layer depth using the Taguchi method implemented in Minitab 20 statistical software. Analysis of Variance
(ANOVA) was conducted using R-4.2.3 software to test the significance of varying the selected parameters on the drying
time. Tukey’s Honestly Significant Difference (Tukey’s HSD) was used to establish whether the relationship between two
sets of selected parameters was statistically significant. The selected parameters were varied within predetermined ranges
to assess their individual and combined effects on the drying time of the geothermal maize dryer. Results for the optimal
combination of parameters using the Taguchi Method found the optimal combination to be a drying air temperature of
50°C, a drying air velocity of 0.5 m/s, and a grain depth of 0.1 m, resulting in the minimum drying time. ANOVA and
Tukey’s HSD analysis confirmed there was a significant effect on the drying time when velocity and temperature were
varied. Optimal parameter values can serve as practical guidelines for designing and operating geothermal maize dryers

to reduce drying time.

Keywords Geothermal maize dryer - Optimization - Drying time - Taguchi method

Introduction

As a major staple food in Kenya, maize has a key role in
ensuring the food security of the nation (Groote et al. 2019).
However, despite its significance, Kenya faces substan-
tial post-harvest losses during maize storage, estimated at
around 30%. As a result, post-harvest losses are a significant
contributor to food insecurity in Kenya and the Sub-Saha-
ran countries. One of the main factors in post-harvest losses
1s inappropriate or improper drying of the maize (Kimi-
ywe 2015). Drying harvested grains is crucial to prevent
loss during the period between harvest and consumption.
Maize has a moisture content ranging between 20 and 25%
wet basis (wb) at the time of harvesting, which 1s ideal for
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fungal and msect damage (Gitonga et al. 2013). Since this
high moisture can damage the maize grains, reducing the
moisture content through drying to around 11-13% 1s essen-
tial to facilitate longer-term storage of the maize (Folaranmi
2008). During the drying process, there is a transfer of both
mass and heat between the product undergoing drying and
the surrounding medium (Abdullah and Gunadnya 2010).
Besides aiding in food preservation, drying of agricultural
farm products improves food security (Andritsos et al.
2003). Further, dried food products result in weight reduc-
tion making it easier to transport.

Drying methods range from traditional open-air sun dry-
ing to mechanized drying (Helvac1 2012). As one of the ear-
liest methods of drying farm products, open-air sun drying is
the most common method because of its ease of use, which
simply involves direct exposure of agricultural farm prod-
ucts to sunlight and wind to remove moisture. (Sontakke
and Salve 2015). Although it is popular, it 1s very challeng-
ing since it has a very low rate of moisture removal, it needs
a lot of space to lay the grains, and it requires dedicated
manual labour (Ogheneruona and Yusuf 2011). Additionally,
grains dried through this process are at high risk of spoilage

‘gl Springer
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Appendix IV: Definition of Terminologies

Fluid Friction — The resistance encountered by a fluid (liquid or gas) as it flows over a surface or
through a conduit, which affects the efficiency of fluid movement in systems such as dryers and
heat exchangers.

Geothermal Brine — A high-temperature, mineral-rich fluid extracted from geothermal reservoirs,
often used for energy generation and direct applications such as heating and drying in industrial
and agricultural processes.

Geothermal Energy — Heat energy derived from the Earth's interior, used for power generation
and direct applications like drying agricultural products.

Heat Transfer Coefficient — A measure of the heat transfer capability of a material or system,
indicating how effectively heat is transferred from one medium to another.

Optimum Parameters — The specific set of conditions or variables that yield the best performance
or results in a given process or system.

Psychrometrics — The study of the thermodynamic properties of moist air, including temperature,
humidity, vapor pressure, and enthalpy.

Specific Heat Capacity — The amount of heat required to raise the temperature of a unit mass of
a substance by one degree Celsius, important for understanding energy requirements in drying.
Thermal Conductivity — A measure of a material's ability to conduct heat, influencing the
efficiency of heat transfer within the dryer.

Void Space — The unoccupied space within the dryer cabinet that can be filled with air or another

fluid.
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