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ABSTRACT

Diesel engines, used in Kenyan farms for stationary operations including milling,
threshing, winnowing, and chopping of agricultural produce, generate exhaust gas
which is released with heat energy to the environment. Moreover, the central
problem facing farmers who produce drought resistant vegetable crops such as
black nightshade in Kenya, is lack of a suitable drying method for the seeds to
enhance continued biodiversity preservation. As a solution, heat energy from
exhaust gas can be recovered and potentially utilized to dry black nightshade seeds.
The main objective of this study was to simulate heat and mass transfer in a solar-
exhaust gas greenhouse dryer for black nightshade seeds in order to predict drying
time, seed and inside greenhouse dryer temperatures, and moisture evaporated
from seeds. The methodology involved an experimental setup; instrumentation and
data acquisition; and performance of activities within the specific objectives of the
study. The results for the first specific objective showed that at optimal engine
speed of 2500 rpm, exhaust gas volumetric flow rate was 0.0167 m3/s; velocity
was 8.52 m/s in connectors and 0.14 m/s in tubes, while Reynolds number was
10674 in connectors and 1368 in tubes. Consequently, 105 seconds elapsed for the
1.8 m? heat exchanger to be filled with 1.3 kg of exhaust gas possessing kinetic
energy of 39.79 kJ in connector number six and 0.01289 kJ in the sixth tube. In
addition, exhaust gas temperature of 357.36°C at a mass flow rate of 45.07 kg/h
had 16002.56 kJ/h as available energy. The maximum frictional head loss reported
was 71 m in the sixth connector and 0.00225 m in tube number six. For the second
specific objective, the results showed that the heat exchanger raised the dryer
temperature by an hourly average of 11.78°C in the solar-exhaust gas mode and
8.04°C when temperature differences between inside and outside were compared
in the exhaust gas mode of drying. Moreover, the rate of heat energy utilized for
the three modes of drying were: solar (37.33-683.3 J/m?s), solar-exhaust gas
(40.49 to 685.94 J/m?-s), and exhaust gas (21.69 to 668.11 J/m?-s). The convective
transfer coefficients of black nightshade seeds ranged between 2.48 and 2.55
W/m?°C and those of evaporative heat transfer coefficients were found to be
between 0.95 and 36.81 W/m2-°C. The results for the third specific objective
demonstrated that in the solar mode, seeds took 11 hours to reach a final moisture
content of 7.13% (db) from an initial one of 89.34% (db). In the solar-exhaust gas
mode, seeds dried from an initial moisture content of 92.57% (db) to a final one of
6.07% (db) in 10 hours. In the exhaust gas mode, it took 14 hours to dry black
nightshade seeds from an initial moisture content of 88.84% (db) to a final one of
9.42% (db). Further, the Page model was found suitable for solar mode with the
highest coefficient of determination (R?) of 0.9985 and the lowest root mean
squared error (RMSE) of 0.0115. However, the Logarithmic model was found
suitable for both solar-exhaust gas and exhaust gas modes of drying with RMSE
of 0.0172 and 0.0232, and with the highest coefficient of determination (R?) of
0.9964 and 0.9933, respectively. Based on the results for the fourth specific
objective, the exhaust gas drying mode had a difference of 12.5% when its mean
germination percentage was compared to the solar mode. Moreover, a 16.2%
difference in means of germination percentage was recorded when the solar-
exhaust gas mode of drying was compared to the exhaust gas mode. The highest
mean germination percentage was recorded at 89% for exhaust gas drying mode.
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Modified Giner’s model predicted germination changes of black nightshade seeds
more accurately than modified Sharp’s model due to the higher R? (0.6896 >
0.6853) and lower RMSE (6.1554 < 6.4519). The activation energy in the modified
Giner’s model was found to be 7.034 x 103 Joule/mole through model fitting to
experimental data. In conclusion, the concept of using a hybrid recuperative heat
exchanger in a solar-exhaust gas greenhouse dryer was successfully applied in the
recovery of exhaust gas energy from a diesel engine—heat energy that under
normal circumstances is wastefully released to the environment—and it is,
therefore, recommended that the solution studied in this work be extended to the
recovery of waste heat energy from hammer mills operated on diesel engines in
Kenya. Finally, the feasibility of exhaust gas heat energy use in drying can be
expanded to seeds of other African vegetable crops.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

Globally, international initiatives to preserve climate have been supported by several
countries which are fulfilling their objectives under relevant treaties. To achieve this,
large projects (Ingold, 2017) are underway to modernize global sectors of the economy
including energy (Luijten, 2005), industry, agriculture (Scherr et al., 2012), transport
as well as housing and utilities. This stresses the fact that climate conservation is a
common goal for all mankind and that there is need to work and put together common
to all, clear, fair, and transparent climate regulation rules to be applied globally (Jarso,
2012).

According to Shepard (2021), the latest report on the state of Africa’s climate by the
World Meteorological Organization (WMO), in partnership with African Union
agencies, paints a grim picture of the continents ability to adapt to the increasingly
frequent weather disasters. Shepard (2021) reported that the year 2020 was Africa’s
third warmest year on record, 0.86°C above the average temperature in the three
decades leading to 2010. It has mostly warmed slower than high latitude temperate
zones, but the impact is still devastating. According to Yadoo and Cruickshank (2012),
it is estimated that by 2030 the continent will be exposed to extreme heat as Africa has

long been expected to be impacted by climate change.

The concerns of climate change and persistent droughts in Africa have led to the
conceptualization of the current work of processing (drying) the seeds of a drought
resistant vegetable crop, black nightshade (Solanum villosum), for biodiversity
preservation. Changes in climate and weather patterns in Kenya have most often
affected the optimum time for black nightshade seeds collection from the crop
especially during the prolonged wet seasons at seeds harvesting (Ondieki et al., 2011).
This is one of the challenges that affect the production of the drought resistant black

nightshade.



During the wet humid weather, farmers have been forced to harvest early and allow
the seeds to continue drying under a cover because rain has been proved to ruin black
nightshade seeds in a short period of time. Traditionally, in the Western parts of Kenya
(Ekhuya et al., 2018), black nightshade seeds have initially been open sun dried then
placed in a ventilated package over a traditional fireplace for continued drying and
preservation from borers and beetles which are repelled by the smell of soot and
smoke. The current work borrowed from this practice and implemented a post-harvest
processing technology of using solar-exhaust gas heat energy to dry black nightshade

seeds.

Ondieki et al. (2011) reported that black nightshade (Solanum villosum) prefers low
humid conditions due to lower incidence of fruit and foliar disease. In general,
Solanaceaes such as black nightshade perform best during warm weather, flowering,
and fruiting during the hot seasons. Better pollination in black nightshade translates to
more seeds formed in the fruit, and therefore, larger fruit within a given species
(Ekhuya et al., 2018). Black nightshade berries are harvested when mature and the
skin is hard to resist thumbnail pressure.

The central problem facing drought resistant vegetable crops such as black nightshade
in Kenya is how to dry and preserve the seeds for continued biodiversity preservation
(Nakhauka, 2009). In the rural parts of Western Kenya, underdeveloped black
nightshade seed systems and poor accessibility has been blamed for the low presence
of black nightshade vegetable crop (Dube et al., 2018; Samuels, 2015). To counter
this, the current work employed a new post-harvest technology to dry black nightshade
seeds and strengthen the seed supply chain in Kenya. This is in line with the informal
seed system channel for processing of high-quality black nightshade seeds with high

germination rates which can then be shared with Kenyan farmers.

Croft (2016) reported that current seed support systems for black nightshade
vegetables are informal and farmers in Western Kenya need to be provided with black
nightshade seeds and technical information on processing of these seeds. According to
Ndegwa and Kinyua (2018), Kenyans living in at least two thirds of land in the country

fall in either arid to semi-arid zones with minimal or zero agricultural activities. It is



in these areas that a report from National Drought Management Authority (NDMA)
shows the need for redress to upscale food production. To remain resilient to hostile
environment, farmers in arid and semi-arid region need to embrace farming of this
drought resistant vegetable crop (black nightshade), which performs well in water
stressed areas.

Farmers have also learned different ways of diversifying black nightshade’s use food
and nutrition, medicinal, fodder a progress attributed to the ongoing sensitization of
farmers from various food production stakeholders (Kamga et al., 2013). It is the
realization of the existing benefits and markets for the produce that has led this study
to dry and preserve black nightshade seeds. Dube et al. (2018), have advised that
farmers should not stick to crops that fail. The weather is changing, and it is impossible
to feed the Kenyan population if farmers cannot grow what can survive in bad weather.
Growing high producing and drought resilient vegetable crops (black nightshade) is a
good choice a farmer can make to escape from hunger. The proceeds from the black
nightshade farming are encouraging because there is a ready market in the cities, urban
and rural parts of the country (Chadha et al., 2006).

Kenyan economy is mainly anchored in farming, which provides more than 85%
(Eichsteller et al., 2022) of the population jobs spread across the whole production and
consumption chain. The issue of hunger will be addressed if farmers in areas such as
Baringo, Kilifi, Garissa and Mandera grow crops which are drought resistant (Barrett
et al., 2021) because these are dry areas. Presently, more than 1.3 million Kenyans
(Laban et al., 2021) are threatened with hunger and malnutrition in the Eastern, North-
Eastern, and Coastal parts of the country. Worse still, the Kenya Meteorological
Services (KMS) has in the latest forecast predicted a rather dry season in most parts of

the country. This will affect farming activities.

In the recent past, a lot of research interest has emerged worldwide on the utilization
of exhaust gases energy for useful works (Wahile et al., 2020; Agudelo et al., 2016;
Wang et al., 2013). The present work used a post-harvest processing technology that
involved drying black nightshade seeds using solar and exhaust gas heat energy in a
greenhouse dryer. Matured seed-bearing portion of the vegetable crop was dried to



maintain seed quality (germination and vigour) for subsequent planting. The current
method was used to prevent mould and decay that cause damage to black nightshade
seeds. This work was done to save seeds from one season to the next for continued

biodiversity preservation.

Open sun drying is not feasible due to some drawback like the slowness of the process
in days when radiation is below average (Jnyana et al., 2015). Therefore, an effective
and quality drying technique using a solar-exhaust gas greenhouse dryer is essential
for black nightshade seeds drying. This technique was found affordable and easily
handled by rural farmers. Akhter et al. (2007) have demonstrated the utilization of

exhaust gas heat energy from a diesel engine in a paddy dryer for rice.

Diesel engines have compression ratios ranging from 14 to 16 (Armstead & Miers,
2014). The engines achieve a high level of performance by compressing air to high
pressures before injecting exceedingly small droplets of fuel into the combustion
chamber. From the total heat energy supplied to the engine in the form of fuel energy,
approximately, 30-40% is converted into useful mechanical work (Gaede &
Meadowcroft, 2016). The heat energy which remains, around 60-70% of the fuel
energy, is lost as waste heat and 30% is expelled through exhaust gases to the
environment. Studies have shown that exhaust gases immediately leaving the engine
can have temperatures as high as 450-600°C (Jadhao & Thombare, 2013). It is this

heat energy which is lost to the environment that was of interest in this study.

1.2 Statement of the Problem

One of the problems facing drought resistant vegetable crops such as black nightshade
in Kenya is how to dry and preserve the seeds for continued seasons planting
(biodiversity preservation). Improper drying conditions make seeds to suffer from
major retarding effects which include loss of viability, discolouration, toxin
production, and fungus growth (McCormack, 2004). Complaints from small scale
farmers in Western Kenya have been on how to maintain black nightshade seed quality
(germination and vigour) and viability for subsequent genetic diversity preservation.
The current study aimed to use, besides solar, waste heat from exhaust gas of an

internal combustion stationery engine to dry black nightshade seeds. It is reported that
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more than 60% of the fuel energy supplied to an internal combustion engine is lost
(Jadhao & Thombare, 2013) to the environment. About 30% of fuel energy is lost in
the form of heat through the exhaust system. There is a need, therefore, to develop
strategies to recover waste energy from internal combustion engines of stationary
agricultural machines doing milling operations for useful work drying of black

nightshade seeds.
1.3 Objectives
1.3.1 Main Objective

The main objective of this study was to simulate heat and mass transfer in a solar-
exhaust gas greenhouse dryer for black nightshade seeds in order to predict drying
time, seed and inside greenhouse dryer temperatures, moisture evaporated from seeds

and the impact of heat and mass transfer on seed drying and seed quality.
1.3.2 Specific Objectives
The specific objectives of this study were to:

(1) Establish the relationships between characteristics (fluid and thermal) of exhaust
gas, and design parameters of a hybrid recuperative heat exchanger used in a
solar-exhaust gas greenhouse dryer.

(2) Develop a hybrid recuperative heat exchanger and evaluate its performance
using experimental temperature and moisture evaporation data.

(3) Evaluate thin layer drying models for simulating drying Kinetics of black
nightshade seeds in a solar-exhaust gas greenhouse dryer.

(4) Determine the influence of solar-exhaust gas greenhouse drying modes on

viability of black nightshade seeds.
1.4 Research Questions

(1) How do characteristics (fluid and thermal) of exhaust gas relate to design
parameters of a hybrid recuperative heat exchanger in a solar-exhaust gas

greenhouse dryer?



(2) How does a developed hybrid recuperative heat exchanger perform in a solar-
exhaust gas greenhouse dryer?

(3) Which thin layer drying model best describes the drying kinetics of black
nightshade seeds in a solar-exhaust gas greenhouse dryer?

(4) How do drying modes in a solar-exhaust gas greenhouse dryer influence viability

of black nightshade seeds?
1.5 Justification of the Study

Communities in Western Kenya have utilized black nightshade vegetables for food
and valued them for their taste, nutritional qualities, and medicinal properties. With
increasing demand for this vegetable crop, there is dire need for a formal reliable
source of quality seeds and the need to study and develop seed processing systems for
black nightshade in Kenya. It is important to properly dry black nightshade seeds to
preserve genetic diversity and development of value chain. Chadha et al. (2006) have
reported that open sun drying exposes black nightshade seeds to insects especially
borers and beetles that feed on the seeds. Exposing black nightshade seeds to full sun
(open sun drying) causes overheating, Killing the embryos, especially in humid
climates. This must be avoided as it reduces viability. Slow open sun drying may result
in mould growth or premature sprouting of the seed especially when solar radiation is
low. According to McCormack (2004) seeds should not be dried in the open sun, nor
should they be dried anywhere where the temperature exceeds 35°C. These seeds are
especially vulnerable to damage when open sun dried a practice which is unfortunately
common in Western Kenya. Black nightshade seeds are blown away by wind forces
when dried in unprotected open sun environment. Instead, seeds should be dried in a
climate-controlled environment a solar-exhaust gas greenhouse dryer used in this
work. This method dried black nightshade seeds safely and quickly when the seeds
were spread out in thin layers and then stirred several times until dry. Consequently,
the potential for solar drying, combined with exhaust gas heat energy utilization, is
promoted through this work which contributes knowledge towards enhanced
understanding of a new post-harvest processing technology for black nightshade seeds.
The aspect of reduced heat being released to the environment is a win for the current

study. The implementation of this work’s findings has the potential impact of helping



many farmers to promote biodiversity of black nightshade vegetable crop. The current
work contributes to United Nations Sustainable Development Goals (UNSDGS)
number one (1) of no poverty, number two (2) of zero hunger, number eleven (11) of
sustainable cities and communities and number seventeen (17) of partnership for the

goals.
1.6 Scope and Limitations of the Study

This study considered Western region of Kenya, Central Rift Valley, and Central
region of Kenya as its geographic scope. Black nightshade (Solanum villosum) seeds
were obtained from Western Kenya, a low altitude area with optimal ecological
requirements for the vegetable crop’s growth. Design of the hybrid recuperative heat
exchanger for the solar-exhaust gas greenhouse dryer was performed in Central Rift
Valley (Nakuru). Development (fabrication) of the heat exchanger was carried out in
Nairobi. Testing of the heat exchanger inside a solar-exhaust gas greenhouse dryer
took place in Juja, Kiambu County—Central region of Kenya. Evaluating the influence
of drying modes on viability of the vegetable crop’s seeds was done partly in Central
region of Kenya (Juja)—the location of Jomo Kenyatta University of Agriculture and
Technology (JKUAT) and partly in Central Rift Valley (Nakuru)—the location of
Egerton University.

This study introduced a new approach for processing black nightshade seeds and
focused on drying extracted seeds from berries. The research aimed at the recovery of
exhaust gas heat energy from an internal combustion diesel engine. The heat energy
was used in a solar-exhaust gas greenhouse dryer when radiation was low and at night.
The study focused on three drying modes: solar, solar-exhaust gas, and exhaust gas.
Measurements of black nightshade seeds temperature and greenhouse dryer room air
temperature were done. Changes in the seeds’ mass (moisture evaporated) were
recorded during drying. Relative humidity data was collected. Germination percentage
data was collected for analysis and fitting of germination models. Finally, the work is
linked to climate change and aimed at agriculture policy makers to address challenges
related to economic and environmental sustainability of exhaust gas energy utilisation

for drying.



CHAPTER TWO
LITERATURE REVIEW
2.1 Theoretical Review
2.1.1 Solar Greenhouse Drying Technology

Several attempts have been made in recent years to use solar energy for drying mainly
to preserve agricultural produce and get the benefit from the energy provided by the
sun (Kiburi et al., 2020a; Ndirangu et al., 2020; Ronoh et al., 2010). Drying is a dual
process in which simultaneous heat and mass transfer lowers the moisture content by
supplying thermal energy. In a study by Ndirangu et al. (2020), the system
performance of a developed multipurpose solar-biomass greenhouse dryer improved
when solar energy was backed up with biomass energy. The drying increased by about
18-19% using solar-biomass mode compared to both natural and forced convection
modes. The authors recommended more tests to be undertaken to fully analyze the
dryer’s performance, especially in optimizing biomass use to achieve desired

temperatures.

Drying is among the easiest and more affordable ways of preserving black nightshade
seeds through moisture content reduction by application of heat to the seeds. The
abundance of solar energy has made greenhouse solar drying a possibility in dryers
designed for agricultural produce. Kiburi et al. (2020a) developed a solar-biomass
hybrid greenhouse dryer consisting of a biomass stove and double duct heat exchanger
when drying banana slices. The authors concluded with a recommendation of
nighttime drying using biomass followed by daytime drying using appropriate energy

mode solar or a combination of solar-biomass to save on drying time.

Ronoh et al. (2020) reported the importance of thin layer drying models as tools used
to describe drying kinetics of agricultural produce. Improvement of drying was
reported by the authors as an advantage that positively affect the design of efficient
dryers thus preventing the sole reliance on experimental drying practices without

considerations of the mathematics of drying kinetics. Thin layer drying of black



nightshade seeds was performed in the present work to determine the drying kinetics
of the product involving simultaneous heat and mass transfer operations with an aspect
of mathematical modeling of the drying process. According to Chowdhury et al.
(2011) and Hii et al. (2009) thin layer drying models fall into three categories:
theoretical, semi-theoretical, and empirical. Newton, Page, Logarithmic and
Henderson and Pabis models are classified under semi-theoretical models which offer
a compromise between theory and ease of application. Ronoh et al. (2020) argued that
food drying Kinetics is a complex phenomenon requiring simplicity for drying
behaviour prediction and optimization of parameters. On prediction accuracy of thin
layer drying models, the authors reported that the selection and appropriateness of a
model in describing the drying behaviour of an agricultural produce may not depend
on the number of constants or coefficients but on statistical indicators as supported by
Onwude et al. (2016).

Kiburi et al. (2020a), while evaluating the performance and economic feasibility of a
solar-biomass hybrid greenhouse dryer for drying banana slices, have reported results
that showed significant difference between statistical means of drying rates of banana
slices for three energy modes: solar, biomass, and solar-biomass. Further analysis,
however, showed insignificant difference between drying rates of solar and solar-
biomass as well as biomass and solar-biomass. The energy and exergy efficiency for
solar mode have been found to be lower than those of biomass and solar-biomass
modes. The payback period of the dryer has been found to be <1 year, a figure lower
than the expected life of the dryer (4 years). In conclusion the study has reported that
use of biomass as supplemental heat source increased annual revenue by 147.59% in

reference to the solar mode only.

According to Natesan et al. (2020), new hybrid drying systems have been utilized and
investigated by many researchers for improving the drying characteristics of products.
The authors in a review of applications of thin layer modelling techniques and
advances in drying of agricultural products, have classified solar dryers as active
(forced convection) and passive (natural convection) types. Further classification has
revealed integral-type, distributed-type, and mixed-mode dryers. Integrated type solar

dryers have been reported to be available as cabinet and greenhouse solar dryers. In



the current work, a solar-exhaust heat greenhouse dryer is proposed for black

nightshade seeds drying.

In a study by Ronoh et al. (2010), the disadvantages of open sun drying have been
cited as: lack of temperature control, intensive labour, and contamination—from dust,
foreign materials, rodents, and birds’ droppings. The study revealed that a natural
convection solar tent dryer would be a useful drying technique for safe preservation of
amaranth grains. Thus, the drying technique has been utilized to enhance drying of
amaranth grains in layers without significantly affecting physical, optical, and nutritive

properties.

The RE4Food (Renewable Energy for Food Processing) is a collaborative project
funded by UK-AID for three and a half years (2013-2016). The project has addressed
research challenges associated with increasing food security and reducing reliability
on fossil fuels. A solar drying technology has been introduced through this project to
address the challenge of an inefficient system for food preservation. Through the
project, a multipurpose solar-biomass dryer has been developed and piloted with the
Khwisero Integrated Community Umbrella Development (K-INCUD) group, in
Kakamega County (Kanali et al., 2017). In previous works, heat flow equations have
been developed for various locations in a greenhouse dryer. Heat flow has been an
essential determining factor of the mean state of heating and cooling within a
greenhouse dryer, as the flow of energy through the greenhouse dryer is basically tied
to its spatial and temporal structure and the variance of greenhouse dryer temperature,
humidity, air flow, and the greenhouse dryer cover (Mishra et al., 2021; Chaudhari &
Salve, 2014).

It is considered that the systematic flow of heat through a greenhouse dryer involves
all components of the climate system, and its hydrology. Therefore, inconsistency in
any one component affects the others. Similarly biases in any one component can
undermine the simulation and an improved understanding of the heat flows within a
greenhouse dryer. According to Kiyan et al. (2013), technical equipment may be used

to efficiently maintain a greenhouse dryer air temperature and relative humidity at
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acceptable levels during hot periods, but adequate models will be necessary to estimate

the heating loads and adequately manage such control equipment.

The most used solar systems are the conventional flat plate solar collectors (FPSCs);
however, payback period of these systems is considerably long when used for
greenhouse dryer heating; also, the seasonal storage of solar energy is somewhat
inadequate compared to daily storage (Garcia et al., 1998; Kurata & Takakura, 1991).
In the last couple of decades, due to high efficiency and anti-freezing properties,
evacuated tube solar collector (ETSC) has become the most popular design for solar
water heating, and currently has more than 80% share in solar water heating market
(He et al., 2012). It has been reported that, glass evacuated tube solar collectors have
better thermal efficiencies at higher temperatures compared to the FPSCs and they are
suitable for applications above 80°C (He et al., 2012; Tang et al., 2009). ETSC collect
both direct and diffuse radiation like FPSCs, and they also have higher efficiencies at

low incidence angles (Kalogirou, 2004).

Kiyan et al. (2013) posted results of simulations in a greenhouse located in
Sanlhwurfa/Turkey. The results of simulations performed on an annual basis have
indicated that revising the existing fossil fuel system with a proposed hybrid system is
economically feasible for most cases, however, it requires a slightly longer payback
period than expected. On the other hand, by reducing greenhouse gas emissions
significantly, it has a considerable positive environmental impact. The developed
dynamic simulation method can further be used for designing heating systems for

various solar greenhouses and optimizing the solar collector and thermal storage sizes.

In hybrid type, fossil fuels or biomass are used with solar energy and the drying rate
is fast (Natesan et al., 2020). Research works have been carried out to analyze the
effectiveness of various drying systems by studying the drying kinetics like moisture
content, drying air temperature, air velocity, and drying rate. Kiyan et al. (2013)
reported that solar energy is a major renewable energy source and hybrid solar systems
are gaining increased academic and industrial attention due to the unique advantages

they offer. Heating systems such as ground air collector (GAC), north wall storage and
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movable insulation are also used for increasing greenhouse dryer air temperatures
(Sethi & Sharma, 2008).

Due to increasing prices, utilization of fossil fuel is becoming expensive. As other
alternatives, some farmers use renewable energy sources like solar assisted ground
source heat pumps (Dai et al., 2015), geothermal heating systems, solar panels and
biomass derived fuels for greenhouse dryer heating due to high fossil fuel prices.
However, geothermal and biomass assisted greenhouse dryer heating are more site-
specific solutions compared to solar based systems. The current work has necessarily
proposed the utilization of exhaust gas heat energy from an internal combustion engine
as an auxiliary heating source in a solar-exhaust gas greenhouse dryer. The use of
exhaust gas heat and reduction in fossil fuel consumption via utilization of solar energy
can help to tackle climate change due to reduction in greenhouse gas emissions. This
will further reduce the impact of energy utilization on the environment. The present
work considered the interaction between the heat flows in a greenhouse dryer and
feedback in the climate system because heat flows of the modern-day greenhouse
dryers are weather dependent. As a result, questions loom large about how the energy
in the greenhouse dryer changes as global warming progresses, and a better simulation
of the modern-day greenhouse dryer heating requirement is an essential first step in

heat flow analysis.

The components involved in a greenhouse dryer design are the cladding material,
shape, and orientation, together with the technical equipment needed to control the
microclimate inside the greenhouse dryer (Choab et al., 2019). The greenhouse drying
process has been extensively used by many farmers to protect and preserve food if
possible. This widely known process is based on natural heating of the product to
remove the moisture (Sangamithra et al., 2014). This method offers many advantages
such as providing a simple design and the cost is low (Chauhan & Kumar, 2016; Perea-
Moreno et al., 2016; Prakash et al., 2016; Tiwari et al., 2016; Lingayat et al., 2017).
Many authors (Prakash & Kumar, 2013; Prakash & Kumar, 2014a; Sharma et al.,
2009; Azaizia et al., 2017) have reported that solar greenhouse drying technology is a
solution which allows the production of vegetables and fruits in hygienic and healthy

conditions with nearly zero energy costs. Solar-drying technology has also been used
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to dry farm products, marine products, and medicinal plants (Aritesty & Wulandani,
2014; Prakash & Kumar, 2014b).

It is beneficial to farmers to make precise predictions of hourly drying temperature for
seeds in a dryer so that decisions relating to timely use of supplemental energy source
are made. Greenhouse drying technique has been reported by Prakash and Kumar
(2014b) as one of the proposed ways of minimising the shortcomings of open sun
drying. Its suitability to perform low temperature drying of grains, fruits and
vegetables has been documented under natural and forced convection modes of drying.
Moreover, the technique has been proven to produce superior quality of dried products
as compared to open sun drying. Product protection from rain, insects and animals is
guaranteed in solar greenhouse drying. In the present study, a gabic even span roof
type greenhouse dryer was developed to use solar radiation and exhaust gas energy
from a diesel engine. The advantage realized from this kind of dryer has been reported
by Srinivasan and Muthukumar (2021) in literature as proper mixing of inside drying

air a quality synonymous with gabic even span roof type greenhouse dryers.

Kumar and Tiwari (2006) have critiqued the merits of greenhouse drying of jaggery in
comparison to open sun and cabinet drying. In open sun drying the authors reported
lack of controlled humidity which leads to increased drying time due to the
hygroscopic nature of jaggery. High temperatures inside a cabinet dryer were cited as
undesirable because they melt jaggery. Cost was further reported as a constraint with
regard to cabinet drying especially when a similar volume of jaggery could be dried
inside a greenhouse dryer. Reduction in drying time was mainly reported as the benefit
for greenhouse drying of jaggery in a controlled environment of moderate temperature
and humidity. Significantly, thermal modeling plays a role in greenhouse dryers design
and development. It is used as an optimization tool for drying parameters and
performance enhancement under different modes of operation. Thermal modeling is
used to estimate temperatures for drying air and crops inside a greenhouse dryer. More
parameters that can be estimated from thermal modeling include drying potential,
drying rate, inside greenhouse relative humidity, and drying kinetics. Greenhouse
drying, utilized throughout the world involves heat and mass transfer phenomenon

where heat energy increases a product’s temperature in the form of sensible heat and
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moisture in the product vaporizes through latent heat (Chauhan et al., 2017). Chauhan
and Kumar (2016) evaluated coefficient of performance, heat utilization factor,
convective heat transfer coefficient and coefficient of diffusivity in thermal

performance analysis of a greenhouse dryer under natural convection mode.
2.1.2 Black Nightshade Vegetable Crop

Black nightshade is a species of flowering plant in the genus Solanum. Black
nightshade (Solanum villosum) is a worldwide leafy herb and vegetable of arable land,
gardens, rubbish tips, soil rich in nitrogen in moderately light and warm situations
which occur from sea to montane levels (Edmonds and Chweya, 1997). Black
nightshade is also commonly known as the red-fruit nightshade and is widely
distributed in many parts of the world. The species is reported to be common in
northern parts of Africa where it could well be native. It is widely distributed at
altitudes of 792-3048 m above the sea level in Cameroon, Ethiopia, Kenya, Somalia,
South Africa, Tanzania, and Uganda. The vernacular names of black nightshade in
Kenya are: mnavu (Swahili), amanagu (Kisii), namasaka (Luhya), Kitulu (Kamba),
ndunda (Taita), sochot (Keiyo), sujet (Kinandi), isusa (Maragoli), ol’momoit (Masai),
soiyot (Kipsigis), managuu (Kikuyu), and osuga (Luo). Its propagation is through
seeds which have a long shelf life depending on the storage conditions and the seeds
moisture content the recommended being 5+1% (Hong et al., 1996). Black nightshade
seeds are planted in nurseries and the germination time is usually 5-7 days. The seeds
sown will be in the nursery for one month from the time of sowing to transplanting.
Black nightshade vegetable takes about 5 weeks from transplanting for the first harvest

of the leafy vegetable to take place (Schippers, 1998).

According to Edmonds and Chweya (1997), black nightshade is an Ayurvedic herb
with multiple medicinal properties. Ethnobotanical uses of black nightshade reported
by the authors both in literature and herbarium material are based on beneficial
properties such as: a source of food, nutritional value, medicinal value, and as a source
of fodder; it is therefore of commercial value in both rural and urban settings.
Throughout the world, boiled or stewed leaves and tender shoots of black nightshade

are widely used as vegetables a food source during famine and in soups and sauces. In
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the respective geographical ranges in Africa, the vegetable crop is used as port-herbs
and the vegetative parts are boiled in water, which is discarded and replaced several
times, or replaced with milk to add taste and flavor to the diet and make it delicious.
Schippers (1998) has, however, reported that vitamins and other micro-nutrients are
unfortunately thrown away with the discarded water, thereby reducing the nutritious
value of black nightshade. In Kenya, black nightshade is used in both rural and urban
areas with a good demand in Nairobi which can hardly be met by farmers from the
surrounding areas such as Embu. Farmers from as far away as Kisii, South Nyanza,
and Western Kenya have been reported to have made arrangements to transport their
black nightshade produce to the capital city (Schippers, 1998). In the rural areas, the
consumption of green leafy black nightshade is believed to result in the birth of
children with dark eyes and smooth skin, therefore, the boiled leaves of the vegetable
are recommended for pregnant women (Edmonds and Chweya, 1997). In addition,
pregnant women who eat this vegetable are believed to recuperate well after delivery.
In parts of Western Kenya, the orange ripe berries of black nightshade are frequently
eaten raw as fruits. Edmonds and Chweya (1997) reported that several studies had been
conducted to investigate the nutritive value of black nightshade. The authors
summarized the nutritive value of the vegetable crop under nutrient per 100-g of edible

portion and range of values as shown in Table 2.1.

The bruised fresh leaves of black nightshade are used externally to ease pain and
reduce inflammation when applied to burns, used for ringworms, gout, and earache. In
Western Kenya, black nightshade’s reputation as a good gargle and mouthwash has
been reported (Schippers, 1998; Edmonds & Chweya, 1997). The raw fruits of the
vegetable crop when chewed and swallowed will treat stomach ulcers, general
abdominal pain, and stomach-ache. Children who have developed crooked teeth may
have infusions of leaves and seeds rubbed onto their gums to ease pain. Pounded leaves
and fruits form an infusion used against tonsilitis, muscular and joint pains associated
with malarial fever and arthritis. Cattle, sheep, and goats in Kenya are known to feed
on black nightshade vegetable as fodder and browse. Macerated leaves and berries
produce a dye and ink source used to colour sisal and baskets. This commercial value
is realized because black nightshade is a useful source of colorants, the pigment is

present in high concentration, it is vigorous and easy to grow. Most women from
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Western Kenya have benefitted from the sale of the vegetable crop in both rural and
urban markets (Schippers, 1998).

Table 2.1: Nutritive Value of Black Nightshade Per 100 G of Fresh Shoots or

Leaves

Nutrient Measure Range of values
Water % 83-91
Crude protein g 2.8-5.8
Crude fibre g 0.6-1.4
Fat g 0.8
Carbohydrates g 33-5.0
Calories kcal 38

Etheral Extract g 38-44
Total Ash g 33-8.8
[ron mg 1.0-4.2
Calcium mg 90 - 442
Phosphorus mg 75
Beta-Carotene mg 1.7-11.6
Ascorbic Acid mg 20 - 158
Oxalate mg 58.8-98.5
Nitrate-N mg 29 - 400
Total Phenolocs mg 63.3-73.4

Source: Edmonds and Chweya (1997)

Black nightshade seed drying is a normal part of the seed maturation process. These
seeds must dry down to minimum moisture content before they can germinate. Low
black nightshade seed moisture content is a pre-requisite for long-term storage and is
the most important factor affecting longevity. Black nightshade seeds lose viability
and vigour during processing and storage mainly because of high seed moisture
content greater than 84%. In the current work, a drying technology for black
nightshade seeds is recommended to use solar-exhaust heat. This technology is

proposed to have more control on drying parameters such as air flow rate, drying
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temperatures, and relative humidity as opposed to open sun drying. High seed moisture
causes several problems: moisture increases the respiration rate of seeds, which in turn
raises seed temperature. For example, in large-scale commercial seed storage,
respiring seeds may generate enough heat to kill the seeds quickly, or to even start a
fire if not dried sufficiently. Small-scale growers are not likely to have such an extreme
condition, but seed longevity will, nevertheless be affected. Mould growth is
encouraged by moisture and will damage the seeds either slowly or quickly, depending
on the moisture content of the seeds. Some moulds that do not grow well at room
temperature may grow well at low temperatures causing damage to seed in cold
environments. In such a case there may be no visual sign of damage. Unless seeds’
moisture content is 8% and below, insects such as borers and beetles can breed on the

seeds causing rapid destruction in a short period.

According to Dube et al. (2017), feeding the quickly growing population in Kenya
remains a challenge and as the demand for food increases, climate change, on the other
hand, poses more challenges to agricultural productivity, implying that the provision
of sufficient quantities and qualities of food is threatened. Black nightshade vegetable
is resilient to adverse weather conditions and is naturally rich in nutrients including
vitamins A and C, iron, protein, and other micronutrients. There is need for research
on seeds and development of seed systems for black nightshade vegetable crop.
Preparation and processing methods for black nightshade vegetable products like cakes
or flour is needed to increase its consumption, particularly among the young, elite, and

urban dwellers.

2.1.3 Diesel Engine and Heat Exchangers

Heat exchangers are generally built of a bundle of round tubes mounted in a cylindrical
shell with the tube axis parallel to that of the shell as described by Janssens and Cloudt
(2013). One of the fluids flows inside the tubes, the other flows across and along the
tubes. The major components of a heat exchanger are tubes (or tube bundle), shell,
front-end head, rear-end head, baffles, and tube sheets (Morales et al., 2012). A variety
of different internal constructions are used, depending on the desired heat transfer and
pressure drop performance and the methods employed to reduce thermal stresses, to
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prevent leakages, to provide for ease of cleaning, to contain operating pressures and
temperatures, to control corrosion, and to accommodate highly asymmetric flows
(Rubaiyat & Bari, 2010). The three most common types are: fixed tube sheet design,
U-tube design, and floating-head type. In all three types, the front-end head is
stationary while the rear-end head can be either stationary or floating, depending on
the thermal stresses in the shell, tube, or tube sheet, due to temperature differences

because of heat transfer.

Commercial waste heat recovery devices include, among others, recuperators and
radiation or convective hybrid recuperators. Recuperators are also known as flat plate
air-to-air heat-exchangers (Ogulata, 2004), in which heat exchange takes place
between flue gases and air through metallic or ceramic walls. Duct or tubes carry the
air for combustion to be pre-heated and the other side contains waste heat stream. The
simplest configuration for a recuperator is the metallic radiation recuperator, which
consists of two concentric lengths of metal tubing. The inner tube carries the hot
exhaust gases while the external annulus carries the combustion air from the
atmosphere to the air inlets of the furnace burners. The hot gases are cooled by the
incoming combustion air which now carries additional energy into the combustion
chamber. Studies have reported that additional energy does not have to be supplied by
fuel (Karamarkovic et al., 2013; Ogulata, 2004; Maruoka et al., 2004). Consequently,
less fuel is burned for a given furnace loading. The saving in fuel also means a decrease
in combustion air and therefore stack losses are decreased not only by lowering the
stack gas temperatures but also by discharging smaller quantities of exhaust gas as
reviewed in studies that have used recuperators in steel making industry and rotary
kilns (Karamarkovic et al., 2013; Maruoka et al., 2004). In a radiation recuperator a
substantial portion of the heat transfer from the hot gases to the surface of the inner
tube takes place by radiative heat transfer. The cold air in the annulus, however, is
almost transparent to infrared radiation so that only convection heat transfer takes
place to the incoming air. For maximum effectiveness of heat transfer, combinations
of radiation and convective designs have been used (Ogulata, 2004), although they are

more expensive but less bulky than simple metallic radiation recuperators.
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Quoilin et al. (2011) have recommended further research on heat exchangers’ thermal
performance and pressure drop. The authors have further proposed more research on
the effect of mass flow rate on friction factor and effectiveness of heat exchangers in
the analysis of heat transfer. Several studies are dedicated to assessing the dynamic
performance of single-phase heat exchangers as well as to two-phase ones (Feru et al.,
2014; Morales et al., 2012; Quoilin et al., 2011), and the assessment of the impact of
heat exchanger parameters on performance and effectiveness in a system still remains
unclear. Sathiamurthi (2011) has concluded that waste heat is heat energy, which is
generated in a process by way of fuel combustion or chemical reaction, and then
dumped into the environment even though it could still be reused for some useful and
economic purpose. This heat energy depends in part on the temperature of the waste

heat gases and mass flow rate of exhaust gas (Kruiswyk, 2008).

2.1.4 Exhaust Gas Heat Energy as a Supplement to Solar Radiation

Energy demand is on the increase in Sub-Saharan Africa. This has necessitated the
introduction of ways to fully utilize the available solar energy. One of the solutions to
the energy demand increase is to supplement solar energy with heat energy recoverable
from exhaust gas of diesel engines commonly used in the region for milling operations.
Previous studies in a solar-biomass greenhouse dryer had variations of temperature,
relative humidity, and solar radiation with time of the day reported by Kiburi et al.
(2020a). The authors have reported average inside greenhouse dryer temperatures
above 50°C when the dryer was on solar mode and drying was on a considered ideal

period when the weather conditions were most suitable for the mode.

Cai et al. (2022) have proposed a gradient boost decision tree (GBDT) model based
on a newly-developed light gradient boosting machine (LGBM) algorithm to model
the internal temperature of a greenhouse. To compare the predictive accuracy, back
propagation neural network (BPNN) model, recurrent neural network (RNN) model,
two GBDT algorithms, extreme gradient boosting (Xgboost), and stochastic gradient
boosting (SGB) were introduced as adaptive cross validation methods to improve the

LGBM model performance and self-adaptive ability. The results in the study by Cai et
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al. (2022) suggest that the LGBM has the best fitting ability for the temperature curves

as well as the fastest training speed among all algorithms.

Manzela et al. (2010) have presented an experimental study on an ammonia-water
absorption refrigeration system using the exhaust of an internal combustion engine as
an energy source. The results from this previous study suggest that the cooling capacity
can be highly improved for a dedicated system based on the calculated exhaust gas
energy availability. Alklaibi and Lior (2021) in a study to utilize waste heat from
internal combustion engines for power augmentation and refrigeration have found that
the influence of integration of heat recovery systems on the engine emissions were
negligible and the associated increase of the engine back pressure was found to be
below the manufacturers’ permissible value. In the study, the payback period of using
waste heat recovery with diesel engines was found to be 2-6 years. Moreover, the
authors have recommended a comprehensive economic feasibility analysis to consider
the ongoing efforts for lowering carbon emissions, future carbon taxes on emissions,
and potential changes in the cost of fuel, as well as studies that ensure long-term high-
performance and robustness of the required waste heat recovery heat exchangers.

Lin et al. (2022) have applied a top-down energy efficiency analysis to develop a
societal waste heat accounting model to quantify the amount of waste heat potential in
China. The results from this study revealed that waste heat occupies 42% of the total
primary energy inputs, and 26% of the primary energy and carbon emissions can be
theoretically saved by utilizing waste heat. Further, the results in the study showed that
the industry sector has a wide range of waste heat temperatures, mostly above 300°C.
A recommendation from the study encouraged scholars to focus on the utilization of
low-temperature waste heat, which is 66% of the total. Lépez-Flores et al. (2022) have
proposed a methodology for efficient, accurate, and sustainable waste heat recovery,
where the energy needs of an industrial plant allow the installation of thermal engines
(steam Rankine cycle, organic Rankine cycle, and absorption refrigeration cycle). The
results from the study show that with the methodology, it is possible to find the optimal
operating conditions of the thermal engines and solutions that allow the use of different

fuels.
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Toneatti et al. (2022) have proposed an innovative solution for recovering embedded
energy from waste generated in a cruise ship. In detail, the authors have studied
feasibility of an absorption plant’s ability to exploit the residual energy of the flue gas
of the ship’s incinerator. The proposal from the authors is to use the recovered energy
to control the temperature of the refrigerated store-rooms; operating simultaneously
with, or in place of the existing compression vapors system already installed, to allow
the reduction of CO, emissions and of fuel consumption. Siddiqui et al. (2021) have
analysed a cooling-power cogeneration system driven by the exhaust gas heat of a
homogeneous charge compression ignition engine fueled by wet-ethanol. The results
from the study, computed for R134a, R290, and R600a working fluids, show that
increase in turbocharged pressure ratio from 2.5 to 3.5 raises the thermal efficiency of
the cooling-power cogeneration from 47.87% to 50.09% when R134a is used as a

working fluid.

Khaliq et al. (2021), by establishing a thermodynamic model, conducted the simulation
and parametric analyses of a proposed system where a natural gas-fueled homogenous
charge compression ignition engine was coupled to an exhaust gas operated turbine
driven two-phase ejector cycle to generate power and cooling energy, simultaneously.
In the study, the results from the analyses of the two-phase ejector cooling cycle using
three working fluids, R717, R290, and R600a, reveal that the thermal efficiency of the
engine is increased from 47.44% to 49.94%, and for the R600a operated combined
cycle, it is increased from 60.05% to 63.26% when the equivalence ratio is promoted
from 0.3 to 0.6.

Previous authors (Thakar et al., 2018) have reported exhaust gas temperatures of 220-
370°C from a single cylinder diesel engine used in rural areas for agricultural purposes
and this heat energy if not harvested for useful work is unjustifiably lost to the
environment. A comparative study by Pati et al. (2015) utilized the concept of waste
heat recovery in a biomass operated natural convection dryer for sliced ginger. The
biomass dryer had sensible heat storage material (SHSM) and phase change material
(PCM). The authors’ observation was a reduction in the consumption of biomass and

melting time of PCM due to the use of waste heat.
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2.1.5 Waste Heat Recovery for Useful Work

In the agriculture sector, diesel engines are used for both mobile and stationary farm
operations due to their improved specific power output, durability, fuel economy, and
reliability. Early research conducted by Wang et al. (2004) successfully applied energy
from the exhaust gas of a diesel engine to drive an adsorptive ice maker. A new concept
based on heat pipe technology has been introduced to effectively harness waste heat
generated in nuclear power reactors for sea water desalination (Jouhara et al., 2009).
Recent advances in waste heat recovery from engines have been documented by Wang
et al. (2015) with a proposal of a resorption system combined with an energy storage
function to recover waste heat from vehicles. The authors analysed possible phase
change materials (PCMs) for energy storage function with the consideration that the
melting point of PCM should be lower than the exhaust gas temperature of 250°C
(Wang et al., 2015).

Heat-pipe based heat exchangers have been potentially applied in cooling data-centres
with achievable energy savings of up to 75% (Jouhara & Meskimmon, 2014). In an
analysis of the integration of a trigeneration scheme within a Natural Gas Processing
Plant (NGPP) that uses waste heat from gas turbine exhaust gas, Popli et al. (2012)
found that the trigeneration system could recover 79.7 MW of gas turbine waste. In
the steel industry, a flat heat pipe (FHP) heat exchanger has been used in recovery of
residual heat to significantly reduce production costs and greenhouse gas emissions
(Jouhara et al., 2017a). Alklaibi (2017) has reported results indicating that for maximal
efficiency, use of heat from a gas turbine exhaust gas and air bottoming exhaust air is
best performed by an absorption system in a cogeneration plant. In the ceramics
industry, Jouhara et al. (2021b) designed, manufactured, and installed a heat pipe heat
exchanger (HPHE) system on a roller hearth kiln and managed to recover up to 100
KW at steady state without cross contamination or excess fouling. A comprehensive
review of state-of-the-art applications, materials and performance of heat pipe devices
has been documented by Jouhara et al. (2017b) and the popularity of heat pipes as

passive heat transfer technologies due to their high efficiency was reported.
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In a study by Liu et al. (2013) aimed at engine exhaust gas energy recovery through
direct and indirect means, results have shown that direct recovery bottom cycle
through secondary expansion suits diesel engines at full load with high boost pressure.
Notwithstanding, indirect recovery bottom cycles have a substantial applied range with
their exhaust gas energy recovery potential higher compared to direct recovery means.
Jouhara et al. (2018) have reviewed waste heat recovery techniques such as direct
contact condensation recovery, indirect contact condensation recovery, transport
membrane condensation and the use of units such as heat pumps, heat recovery steam
generators, heat pipe systems, organic Rankine cycles, including the Kalina cycle, that
recover and exchange waste heat with potential energy content. Organic Rankine cycle
power units have been recently used in the recovery of waste heat from proton
exchange membrane fuel cell system in a study by Wilberforce and Muhammad,
(2023) while Mahmoud et al. (2023) investigated use of a ground-cooled organic

Rankine cycle for waste heat recovery from a diesel generator.

The composition of diesel engine exhaust gas includes carbon monoxide (CO),
hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM). Jouhara and
Olabi (2018) have advocated the need for solutions to reduce the production of
greenhouse gases and also lower the level of global warming through development and
utilization of waste heat technologies. An experimental study by Zhang et al. (2022)
was conducted to further improve understanding of injection strategies on engine
performance and NOx emission of 17.4 g/kWh was reported. In a similar study by
Zheng et al. (2018), it was reported that ethanol shows potential for reducing NOXx
emissions to less than 1.5 g/kWh. In comparison to composition of air, exhaust gas
from a diesel engine have higher concentrations of water vapor (H,0) and carbon
dioxide (C0O,) which are the main combustion products. By comparison,
concentrations of pollutants from a diesel engine are small, therefore, to determine
physical properties of diesel exhaust gas, they are neglected. Zhang et al. (2023) have
directly supplied compressed air to a stationary diesel engine to investigate soot
emissions which increased with increasing intake pressure and decreased with
increasing intake temperature. The authors compared thermal efficiency of supplied
compressed air to a diesel engine against a hybrid system consisting of compressed air

engine and a baseline diesel engine.
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In another study by Zheng et al. (2015), combustion and emissions of a single-cylinder
diesel engine have been investigated under high exhaust gas recirculation of 46% with
two-stage injection strategies (pilot-main and main-post). In their conclusion, the
authors reported that NOx emissions decrease first and then increased with increasing
pilot-main interval. However, carbon monoxide increased with increasing pilot-main
interval while NOx emissions decreased with increasing main-post interval. De Poures
et al. (2022) have attempted to minimize emissions of a single-cylinder diesel engine
by using waste cooking oil and C8 oxygenate blends. Pan et al. (2019) have established
that smoke and nitrogen oxide could be minimized simultaneously using exhaust gas
recirculation. Dhahad et al. (2019) have reported 4.3 g/kWh as the maximum CO level
achieved at an engine speed of 1000 rpm and 1 bar engine load for ultra-low sulfur
diesel use. At similar engine speed and pressure, 4.7 g/kwWh of CO level was reported
when diesel-water emulsion was used. Minimum CO levels were reported as 2.9 and
2.34 g/kWh at 2250 rpm and 625 bars for ultra-low sulfur diesel and diesel-water

emulsion use, respectively (Dhahad et al., 2019).

Chaichan 2018 used 85% bioethanol and 15% unleaded gasoline as E85-diesel blend
in a partially premixed compression ignition (PPCI) engine and reported increased CO
and HC concentrations. PPCI combustion caused significant improvement in NOx-PM
trade-off and cooled exhaust gas recirculation (EGR) addition significantly expanded
the engine torque range. Maize has been the main staple crop of Kenya for both urban
and rural populations. According to De Groote and Kimenju (2008), Kenyan
consumers strongly prefer white milled maize whose preparation for lunch and dinner
is dished as ugali (a stiff, boiled preparation). Food security has depended on ensuring
adequate supplies of maize to be milled by diesel operated engines that power posho
mills in Kenya. These engines, mostly used in milling operations, lose 30% of their
fuel energy through exhaust emissions in the form of heat to the environment. There
is a need, therefore, to develop strategies to recover exhaust gas heat energy from these
stationary diesel engines on milling operations and the solution as provided in the
current work is to structurally design heat exchangers to recover heat energy from
exhaust gas generated by the engines. According to Tavousi et al. (2023), it is

imperative to design efficient heat exchangers that are simpler, cheaper to
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manufacture, have higher rates of heat transfer, and low in pressure drop, to meet the

growing need for more energy.

In advanced systems, wraparound loop heat pipes (WLHP) charged with R134a as the
working fluid are used for heat energy recovery because of their overall effective
thermal resistances which is as low as 0.048°C/W (Jouhara & Ezzuddin, 2013). Heat
exchangers are classified according to the degree of surface compactness, heat transfer
mechanisms, transfer processes, flow arrangements, construction features, and the
number of fluids. An exploration and review by Jouhara et al. (2018) revealed the
operation and performance of common waste heat recovery technologies such as
recuperators, regenerators, including furnace regenerators and rotary regenerators or
heat wheels, passive air preheaters, regenerative and recuperative burners, plate heat
exchangers and economizers and units such as waste heat boilers and run around coil

(RAC).

Uses of new emerging technologies for direct heat to power conversion such as
thermoelectric, piezoelectric, thermionic, and thermophoto voltaic power generation
techniques have been discussed in detail by Jouhara et al. (2018). Nevertheless,
thermal energy storage and management problems were encountered in the current
study and proposed solutions lie in the design of solar harvester systems, use of phase
change materials (PCM), and mechanisms of storage (sensible heat, latent heat, and
sorption heat) as reported by a number of authors (Adesusi et al., 2023; Tawalbeh et
al., 2023; Alamayreh et al., 2023; Jouhara et al., 2020). Different types of PCM such
as wax, salt hydrate and salt hydrate mixtures have been investigated for their heat
capacity and results showed that wax was the most suitable PCM (Hathal et al., 2023).
In the present study, the floor of the greenhouse dryer was painted black to optimize
the absorption of solar rays because according to Murr et al. (2023), for black bodies

the absorptivity and emissivity are approximately equal and close to one.

2.1.6 Influence of Drying Temperature on Germination

Seeds are the reproductive units of higher plants, and they have a significant place in
agriculture and plant diversity maintenance (EI-Maarouf-Bouteau, 2022). Moreover,

investigating how seed germination of multiple species in an ecosystem responds to
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environmental conditions is crucial for understanding the mechanisms for community
structure and biodiversity maintenance (Yi et al., 2019). It is important for seed
scientists to be aware of areas on which to focus their research to support the work of
the genebanks in conserving and making available plant genetic resources
(Whitehouse et al., 2020). Bakhtavar et al. (2019) have recommended that seeds must
be dried to safe moisture limits before storage and the dryness should be maintained
throughout the supply chain. Previous studies have been undertaken to examine the
effect of drying on viability, the water absorption pattern, laboratory and field
germination and seedling growth on seeds of three citrus species, one of its allied genus
and a hybrid (Saipari et al., 1998). In vegetable crops like black nightshade, high yield
and growth are primarily associated with seedling health and early emergence which
induces a potential to cope with various biotic and abiotic stresses (Waqas et al., 2019).
As long as the soil moisture requirements are met, germination can be achieved in one
day and rainfall rather than temperature will be extremely limiting for seed
germination in future climate scenarios (Dantas et al., 2020). Important parameters
that influence seeds’ germination and seedlings’ emergence consist of environmental
factors such as soil temperature, soil water potential, exposure to light, fluctuating
temperatures, nitrates concentration, soil pH, and the gaseous environment of the soil
(Travlos et al., 2020).

One of the traditional and economical drying methods for seeds is to leave them in the
field to be dried and another is to extract the seeds as proposed by Degwale et al.
(2023) then expose them to direct sunlight through open sun drying. In the present
work, three methods of drying: solar, solar-exhaust gas, and exhaust gas have been
introduced in a greenhouse dryer. Greenhouse drying has significant advantages over
in-field and open sun drying such as early harvesting options, yield and quality
benefits, and reduced threat of weather damage (Jittanit et al., 2009). It is for these
reasons that the three modes of drying were studied for black nightshade seeds. Seed
quality is characterized by germination percentage and physical purity. Determination
of key traits in seeds such as dormancy and viability is important, therefore,
researchers like Krichen et al. (2023) have introduced a modelling approach to identify
the cardinal temperature of germination of needle grass, considering dormancy and

viability after exposure to salinity and drought conditions experienced in North Africa
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due to desertification. A state-of-the-art multichannel imaging method introduced by
ElMasry et al. (2022) has been recommended for monitoring germination and vigour
in actual growing environments; and its applicability was reported to be critically
important in identifying vigorous seeds that can tolerate abiotic and biotic stress under
different conditions of the environment. According to Reed et al. (2022), elevated
temperature during seed development can delay germination and reduce seed vigour
in crops such as cereals, legumes, and vegetable crops (black nightshade). Reed et al
(2022) have argued that in the coming decades, maintaining a steady food supply for
the increasing world population will require high yielding crop plants which can be
productive under increasingly variable conditions. Black nightshade vegetable crop
has been reported to have the ability to withstand the potential impact of climate
change in addition to combatting malnutrition and contributing to Africa’s food supply
(Moreno et al., 2022). However, some authors have treated it as one of the worst weeds
in crop fields (Ma et al., 2021) while others have promoted its cultivation through
improved seeds germination by priming treatments (Poovizhi & Sujatha, 2020)
because of its economic and medicinal importance. Khaeim et al. (2022), have
conducted a study that provides essential information regarding germination
requirements and investigates tolerance to a range of environmental temperatures and
drought stresses. The authors in their conclusion declared that dry weight could
indicate seedling development, because dry matter accumulation is consistent with the
physical measurement of seedling growth. Furthermore, Khaeim et al. (2022),
affirmed that different seed and seedling densities present no significant difference;

thus, using a lower seed density is recommended for lab examination.

To inhibit microorganisms and prevent germination during storage, seeds must be
dried to safe moisture level. In the agriculture sector, low black nightshade seeds
quality due to delayed or improper drying is a problem to farmers. Chao et al. (2022)
have also shown a literature gap and reported that currently, the effects of different
drying methods on bioactive compounds, antioxidant capacity and antityrosinase
activity of seed-used pumpkin by-products are not clear, therefore, this influenced their
selection for an optimal drying method to acquire particularly anticipated quality for
dehydrated seed-used pumpkin by-products. A study on lentils by Najib et al. (2022)

revealed a knowledge gap on preparation of plant-based ingredients from germinated
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lentils using microwave-assisted infrared drying process. Lack of reported data
necessitated Najib et al. (2022) to carry out a comprehensive comparison of three lentil
varieties in hydration, germination, and dehydration behaviour. Huang et al. (2020)
aimed to determine the optimum drying temperature for rice seeds according to their
initial moisture content, and to elucidate the mechanism mediating the effects of drying
temperature and initial moisture content on seed vigor of rice. The authors reported
that drying temperature, drying rate, and seed temperature showed extremely
significant negative correlations with germination energy, germination rate,
germination index, and vigor index (Huang et al., 2020). For a single seed population
of each of four species of grain legume studied by Covell et al. (1986), positive linear
relationships were shown between temperature and rate of germination for different
fractions of each population, from a base temperature, at which germination rate was
zero, to an optimum temperature, at which germination rate was maximal.
Subsequently, Ellis et al. (1987) reported that a screening procedure which required
information on the progress of germination at only four temperatures was able to
define the response of the rate of seed germination to sub- and supra-optimal
temperatures for whole seed populations of each of five bean genotypes. Aflakpui et
al. (1998) have also reported that positive linear relationships were established
between the rate (reciprocal of time taken) of germination of 90% of the final

germination percentage and temperature up to the respective optimal temperatures.

In arecent study, Ismaili et al. (2023) have determined optimal germination conditions
for Stachys mouretti, an endemic species of Morocco considered rare and threatened.
The researchers aimed to conserve and valorize the plant whose seeds were collected
then subjected to alternating temperatures which had a significant effect on
germination capacity. A recent methodology used to investigate the impact of
temperature on germination of perennial ryegrass has been reported by Javaid et al.
(2022) and in their study, twenty seeds were placed uniformly in a Petri plate, lined
with filter paper beneath the seed, moistened with distilled water of three millilitres
and then retained in an incubator at constant temperatures of 20, 25, 30 and 35°C for
fifteen days. Javaid et al. (2022) concluded that temperature had a significant impact
on seed germination of perennial ryegrass with optimum temperature for its

germination as 25°C. Xie et al. (2022) explored the suitability of radio frequency
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combined hot air drying and found that the technique reduced germination rate by
27.8% as compared to pulsed vacuum drying which maintained good germination rates
when peanut pods used for seeds were dried. Coradi et al. (2020) in a study aimed at
evaluating the associations of drying temperature with storage systems and conditions
as a strategy for preserving the quality of maize grain postharvest on laboratory and
field scales reported that an increase in temperature accelerated the reduction in grain
moisture but increased deterioration. Baskin et al. (2006) have pointed out the mistakes
made in seed germination ecology, problems in determining the kind of dormancy and
in extrapolating data to the field situation. The authors emphasized that even if
treatments that seeds might experience in nature are effective in promoting
germination, it is not safe to assume that they play an important role in nature (Baskin
et al., 2006). In a study to determine the influences of temperatures on seed
germination rate in Himalayan elm, the thermal time both at sub and supra-optimal
temperatures increased linearly as the values of the percentile germination increased
in all three seed sources but the seeds germinated at supra-optimal temperatures
required less thermal time to germinate than at sub-optimal temperatures (Phartyal et
al., 2003).

Maturity of seeds, dryer design, drying time, moisture content, and species or variety
are the factors which affect seeds response to hot air drying (Jittanit et al., 2009). High
quality seeds tolerate stressful planting conditions and result in uniform stand which
allows better secondary tillage operations, therefore, there is a need to maintain the
quality through new methods of drying to ensure germinability. According to De Vitis
et al. (2020), in order to ensure that a seed lot of good quality (high seed viability)
reaches the storage facilities, standard practices must be followed starting from seed
collection and during postharvest seed management, prior to storing seeds. De Vitis et
al. (2020) have documented a compendium of best practices, tools, and standards for
the steps between postharvest seed handling and seed storage for applications in
restoration. Restoration studies by Budelsky and Galatowitsch (1999) have shown
particular interest in the potential influence of storage condition and duration (seed
history) on seed response to different germination conditions with uniqueness in
considering the effects of storage condition, storage duration, germination

temperature, and germination moisture simultaneously for carex seeds to determine
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the optimum treatment combination for maintaining viability and stimulating
germination. The proximate implications of the research by Budelsky and
Galatowitsch (1999) include recommendations for seed producers regarding the best
storage conditions for maintaining seed viability after collection, the efficacy of short-
term stratification on germination of stored seed, optimum conditions for growth
chamber or greenhouse germination, and timing of seed dispersal in restorations and
creations. Harrington (1959) in a summary pointed out that seeds reach a peak of vigor
and germination at the moment of full maturity and that man can only attempt to keep
them as close to this peak as possible by proper harvesting and milling and by drying
seed to safe moisture levels for storage until needed.

2.2 Empirical review
2.2.1 Seed drying technology

Thin layer drying models (Equations 2.1-2.7) shown in Table 2.2 have been used to
describe the rate of moisture removal in drying of agricultural products because of
their high level of accuracy. In Table 2.2, MR is moisture ratio; a, b, c and n are drying
coefficients specific to each model; k, k,, and k, are drying constants (h™1); t is
drying time (h). Seed drying is the process of removing moisture from a seed. The
reduction of seed moisture content should be done to a safe limit for the purposes of
maintaining viability and vigour during storage. Seed quality is known to deteriorate
fast due to mould growth, heating, and enhanced microbial activity. Jittanit et al.
(2010) have reported 40°C as a clearly safe drying temperature for corn, rice, and
wheat seeds with initial moisture content of 20-25% wet basis. Accordingly, the seeds
have been dried to a moisture content of 18% wet basis at 40-80°C in a fluidized bed
dryer and spouted bed dryer. Two-stage drying concept has been proved feasible in the
study when the seeds were further dried to a moisture content of 14% wet basis at an

air temperature of 18-30°C and a relative humidity of 60-70% by an in-store dryer.
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Table 2.2: Thin Layer Drying Models Used to Describe Drying Kinetics

Model Equation Equation Citations
Number

Newton MR = exp(—kt) (2.1) (Kaya & Oydin,
2009)

Page MR = exp(—kt™) (2.2) (Kaya & Oydin,
2009; Ronoh et al.,
2010)

Modified MR = exp[—(kt)"] (2.3) (Kaya & Oydin,

Page 2009; Ronoh et al.,
2010)

Henderson MR = a - exp(—kt) (2.4) (Kaya & Oydin,

and Pabis 2009)

Logarithmic MR = a-exp(—kt) +c (2.5) (Kaya & Oydin,
2009; Ronoh et al.,
2010)

Wangand MR=1+a-t+b-t? (2.6) (Kaya & Oydin,

Singh 2009; Ronoh et al.,
2010)

Two term MR = a-exp(=kyt) + b (2.7) (Kaya & Oydin,

exponential - exp(—k,t) 2009)

Elimination of moisture from a seed is in two stages. Initially, moisture from seed is
removed from the surface by drying air. Secondly, this causes an imbalance in
moisture potential on surface of seed and inner portion of seed which leads to
migration of moisture from inner organ to surface. In a related study to determine
moisture distribution in rice kernel during tempering drying, Dong et al. (2009) have
concluded that moisture contents of internal layers of kernels always decreased in
whole intermittent drying while that of outer layers of kernels decreased during drying
periods and increased during tempering periods. The previous study has compared
intermittent drying of long-grain and short-grain rough rice and moisture content
distributions within rice kernel have been estimated by a simplified sphere drying

model. This migration of moisture to surface is slower as compared to evaporation
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thus a moisture gradient is developed in kernel. Removal of moisture from seed
depends upon relative humidity and environmental temperature surrounding seed.
When relative humidity of seed is higher than that of atmosphere, moisture is
eliminated from seed. Care should be taken to minimize and or prevent oxidation,
decomposition, and volatilization while drying because when these processes take
place at high temperature there will be more loss of dry weight of seed. Moreover, high

moisture seeds should be dried at low temperature.

When the rate of moisture loss from seed to surrounding atmosphere is equal to rate of
moisture gained by seed from atmosphere, seed is said to be in equilibrium with
environment. Equilibrium moisture content models (Equations 2.8-2.12) shown in
Table 2.3, such as modified Chung-Pfost, modified Halsey, modified Oswin, modified
Henderson, and Guggenheim-Anderson-de Boer have been used in previous studies to
compare and fit experimental values using statistical modelling analysis (San Marin et
al., 2001; Iguaz & Virseda, 2007; Mitrevski et al., 2015; Mohite et al., 2016). Initial
seed moisture content of 18-30% require a recommended maximum drying
temperature of 32.2°C compared to 43.3°C for moisture contents below 10%.
However, initial seed moisture contents of 10-18% will need 42.2°C because the
greater the seed moisture content the lower should be the maximum recommended

drying temperature (McCormack, 2004).

In Table 2.3, A, B and C are equation coefficients; M, is equilibrium moisture content
in % (dry basis); T is temperature (°C); a,, is water activity (equilibrium relative
humidity) in decimal. Chen (1988) has reported that modified Chung-Pfost, modified
Halsey, modified Henderson, and modified Oswin equations have been successfully
used among others to model grains and seeds sorption equilibria data. American
Society of Agricultural Engineers (ASAE, 1996) has also recommended these four
equations with three parameters as documented in American Society of Agricultural
Engineers (ASAE) standard D245.5. Van der Berg (1984), Weisser (1985), Wolf et al.
(1985) and Speiss and Wolf (1987) have recognized GAB equation as the most
satisfactory theoretical equation, and it has been recommended as the standard model
for use in food laboratories. GAB equation has also been successfully used by many
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authors to model sorption isotherms of grains (Sopade & Ajisegiri, 1994; San Marin
et al., 2001; Tolaba et al., 2004; Pagano & Mascheroni, 2005).

Table 2.3: Equations for Modelling Equilibrium Desorption Isotherms

Model Equation Equation  citations
Number
(Henderson,
Modified In(1 - a,)|¢ 1952;
Henderson "¢ — [_A (T +B) (28) Thompson et
al., 1968)
Modified
Chung M ! 1 [( T+ B)l ] (Chung &
- =—=In({- na
e= 7T w (29)  prost, 1967)
Pfost
(Halsey,
Modified exp(A + B - T)|¢ 1948; Chirife
Halsey e~ [_ Ina, ] (2.10) & Iglesias,
1978)
. (Oswin,
Modified a, 2 1946: Ch
_ STy ; Chen,
Oswin Me=A+B-T) <1 — aw> (211)
1988)
(Anderson,
1946; De
Me Boer, 1953;
Modified c )
GAB _ A-B- (;) “a,, (2.12) Guggenheim,
(1-B-a,)|1-B-a,+ (%) B-a,] 1966; Jayas
& Mazza,
1993)

The original GAB equation proposed by Anderson (1946), De Boer (1953), and
Guggenheim (1966) does not incorporate a temperature term, and the determination of
the effect of temperature using the model usually involves the evaluation of up to six
constants (Aviara et al., 2004). Jayas and Mazza (1993) have developed a modified
GAB model that incorporates the effect of temperature and has been successfully used

to fit sorption equilibrium data of some grains and seeds. According to Sun (1999),
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Aviara et al. (2004), and Aviara et al. (2006) the five isotherm equations include three
parameters which have been shown to produce similar good estimations for sorption

equilibria data than equations that include more parameters.

The moisture content corresponding to saturation of all primary adsorption sites by
one water molecule is known as the monolayer moisture content (Jayendra et al., 2005)
and it has been reported (Rockland, 1969) as the lower limit of moisture in dehydrated
food. The application of BET equation (Brunauer et al., 1938) to the experimental data
on equilibrium moisture relationships of food has been used to obtain the monolayer
moisture content as shown in Equation (2.13), where M,, is monolayer moisture
content, M, is equilibrium moisture content, a,, is water activity, and C is equation

coefficient.

a,, 1 c-1)-a,
(1-ay,) M, My,-C M,,-C

(2.13)

Seeds are dried in stages with heated air passing through the dryer. Tempering period
also known as equilibrium period is important as it shortens drying time. Accordingly,
during drying, seed surface moisture is removed, and internal moisture moves towards
the surface slower than evaporation. This phenomenon leads a moisture gradient to
develop in the kernel because the outside part of seed becomes drier than inside as
evaporation rate is decreased. Moreover, tempering moisture concentration equalizes
in the kernel then evaporation of surface moisture becomes as rapid as at the start of
drying. A study by Liu et al. (2020) which has primarily focused on the effects of
tempering time and seed size on the modification of lentils using infrared heating, has
reported findings from the research which are meaningful for utilization of infrared

heating to process lentil seeds for development of novel food ingredient.

According to Sun and Woods, (1997a, 1997b) a deep knowledge of the relationship
between the equilibrium moisture content and equilibrium relative humidity is of
primary importance to fully describe the drying process. A review carried out by Iguaz
and Virseda (2007) has revealed two basic techniques, including manometric and
gravimetric methods that have been used to determine moisture sorption isotherms of

foods and agricultural products. Static gravimetric technique involves the utilization
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of saturated salt solutions or sulphuric acid dilutions at different concentrations to
maintain constant relative humidity in enclosed still moist air at a certain temperature.
Gravimetric technique has been preferred and recommended by several authors to

obtain complete sorption isotherms (Gal, 1981; Speiss & Wolf, 1987).

Chirife and Iglesias (1978) have reviewed more than twenty different equations for
modelling sorption isotherms of different agricultural materials. The authors have
found that each model had some success in predicting equilibrium moisture content
data for a given product and a given range of relative humidities and temperatures.
Chen and Morey (1989), Sun and Woods (1994), Sun and Byrne (1998), and Basunia
and Abe (2001) have reiterated the need to select the most appropriate sorption
isotherm equation for a specific crop and range of relative humidities and

temperatures.

Many authors have reviewed the importance of moisture content as the most widely
used control parameter for drying processes (Samapundo et al., 2007; Oliveira et al.,
2009). Therefore, an understanding of the relationship between water activity and
moisture content is necessary to achieve optimal storage stability for black nightshade
seeds. It is apparent that knowledge of sorption isotherms is important for several
reasons including, design and optimization of drying equipment, evaluation of air and
product interface state in drying process simulation, and determination of drying limit
at given air conditions (Simal et al., 2007). Adsorption or desorption are the two ways
in which an isotherm curve can be obtained. Additionally, adsorption and desorption
processes are not fully reversible, and the system has hysteresis. Consequently, by
determining whether moisture levels within the product are increasing or decreasing a
distinction must be made between the isotherms. Agricultural products are exposed to
a range of temperatures during storage and processing. Water activity changes with
temperature which affect sorption isotherm, mobility of the water molecules, and the
dynamic equilibrium between the vapor and adsorbed phases (Al-Muhtaseb et al.,
2004).
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2.2.2 Model Verification and Validation

In research work, validity of developed models are tested using several statistical
indicators including, cross correlation equation, root mean square error (RMSE),
reduced Chi-square (), absolute residual error (¢), and prediction performance (17,
which have previously been used by a number of researchers (Rolke & Gongora, 2021,
Ndeda et al., 2013; Ronoh et al., 2010; Kilcik, 2005) for predicted and measured
values of variables. Jobst et al. (2021) have reported that the test of RMSE provides
information on the short-term performance of a studied model as it allows a term-by-
term comparison of the actual deviation between the predicted and measured values of

variables. The authors have further recommended that a zero value of RMSE is ideal.

Model testing, accreditation, certification, and credibility are activities that primarily
deal with the measurements and assessment of accuracy of models and simulations.
Verification of a model is substantiating that the model is transformed from one form
into another, as intended, with enough accuracy. Model verification deals with
building the model in the best way possible. The accuracy of transforming a problem
formulation into a model specification or the accuracy of converting a model
representation from a micro flowchart form into an executable computer program is
assessed in model verification. Jiang et al. (2014), have presented Tsmart, a self-
contained toolkit to address how to model local synchronous components and
asynchronous communication between components in a single framework. The tool
has ensured the correctness of a model and maintained the consistency between the

model and the implementation of the system.

Previous works (Sun, 1999; Basunia & Abe, 2001; Tolaba et al., 2004; Iguaz &
Virseda, 2007) have recommended the following equations to evaluate the ability of
each isotherm model to fit experimental data: the mean relative percent error (MRE)
in Equation (2.14), the standard error (SE) in Equation (2.15) and the coefficient of
correlation between the experimental and predicted data (r2) in Equation (2.16).

N
MRE = 1002 YVicalt — YVjexp
N ¢
j=1

(2.14)

y jexp
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N 2
SE = Z (Vjcat = Yjexp) (2.15)
, N —n,
j=1

, S;—SCE
2=t 227 (2.16)
St

The parameters of Equation (2.16) are further evaluated as given in Equations (2.17)
to (2.19).

_ 2
S, = 2y ) (2.17)
t n—1
N

4] (2.18)
Y=TN

N

2

SCE = Z(yjcal - yjexp) (2-19)

=1

Equations (2.14) to (2.19) show that, residuals are the differences between
experimental and calculated data (yjexp — yjcal); N is number of data points; np is
number of parameters. Aviara et al. (2004) have reported that plots of residuals against
experimental values are important to evaluate the fitting of the different equations to
experimental data and if the residuals are uniformly scattered around the horizontal
value of zero, showing no systematic tendency towards a clear pattern, a model is

considered acceptable.

Model validation confirms that the model, within its domain of applicability, behaves
with acceptable accuracy consistent with the modeling and simulation objectives.
Model validation deals with building the right model. Model testing is finding out
whether inaccuracies or errors exist in the model. In model testing, the model is
subjected to test data or test cases to determine if it functions properly. It is noted that
Daniels (2003) has argued that the coefficient of determination (R?) in nonlinear
regression should not be used as a measure of goodness of fit, because it represents the

ratio between the residual deviances for the model under comparison and for a model
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with an intercept. Daniels (2003) further reported that some non-linear models do not
have an intercept and, therefore, the R? value is not meaningful and can also assume

values outside the range from 0 to 1.

The cross-correlation equation given by Ndeda et al. (2013) and Kilcik (2005) has

been used in previous works as given in Equation (2.20).

. XilGi =) (i — )] (2.20)

V2l =02 X — ¥)?]

In Equation (2.20), for any two series x; and y; (i = 0,1,2,3,...... n—1); r is the
cross-correlation between x and y; x and y are the means of the corresponding series.
Popular statistical indicators used to validate models are: RMSE, reduced Chi-square
(x?), absolute residual error (€), and prediction performance (1,) as shown in
Equations (2.21) to (2.24) (Ndeda et al., 2013; Rolke & Gongora, 2021; Ronoh et al.,
2010).

1
1 212

RMSE = [NZ(xpredicted - xmeasured) ] (2'21)
(xmeasured - X redicted)2

2 = Z 4 (2.22)

xpredicted
€% = |xpredicted — Xmeasured % 100| (2.23)
Xmeasured
N,
np % = 100 X ﬁc (2.24)

t

In Equations (2.21) to (2.24) Xpredictea 1S the predicted value from the models;
Xmeasurea 1S the measured value of the variable; and N is the total number of
observations; N, is the number of correctly predicted values; and N, is the number of

trial data.
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On the whole, however, a test is devised, and testing is conducted to perform either
validation or verification or both. Some tests are devised to evaluate the behavioural
accuracy, that is, validity of the model, and some tests are intended to judge the
accuracy of model change from one form into another (verification). Accreditation is
the official certification that a model or simulation is acceptable for use for a specific

purpose.
2.3 Summary of Literature and Research Gaps

Previous works have recommended more tests to be undertaken to fully analyze
greenhouse dryers’ performance, especially in optimizing biomass use to achieve
desired temperatures. The current work has, therefore, introduced a new heat energy
source (exhaust gas) to supplement the heat requirements of a greenhouse dryer when
solar radiation is low and at night. Technical equipment may be used to efficiently
maintain a greenhouse dryer air temperature and relative humidity at acceptable levels
during hot periods, but adequate models will be necessary to estimate the heating loads
and adequately manage such control equipment.

The present work, therefore, developed such models for prediction of temperature and
moisture evaporation. It is considered that heat flows of the modern-day greenhouse
dryers are weather dependent. As a result, questions loom large about how the energy
in the greenhouse dryer changes as global warming progresses, and a better simulation
of the modern-day greenhouse dryer’s heat transfer is an essential first step in heat
flow analysis. The present work considered the interaction between the heat flows in
a greenhouse dryer and feedback in the climate system.

One of the goals of the current study was to determine drying time of black nightshade
seeds when exposed to three modes of drying: solar, solar-exhaust gas, and exhaust
gas modes. Towards achieving this goal, use of mathematical models is inevitable.
These models act as powerful tools in describing the complex processes that are
involved during drying. The development of a proper model to simulate black
nightshade seeds drying process requires knowledge of its thin layer drying models
and moisture desorption isotherms at drying temperatures. Limited studies have been

conducted on fluid and thermal characteristics of diesel engine generated exhaust gas

39



when used as a working fluid in a hybrid recuperative heat exchanger to provide
supplemental heat energy for drying of agricultural produce. Moreover, limited studies

have been conducted on thin layer drying of black nightshade seeds.

Justifiably, there is need to study the effect of drying modes on quality characteristics
of the seeds because drying is an energy intensive process requiring harvested seeds
with an initial moisture content of 88-93% to be dried to an equilibrium moisture
content (EMC) of 5+1% (Hong et al., 1996) by using energy in a solar-exhaust gas
greenhouse dryer an alternative for Kenyan farmers rather than open sun drying.
Finally, from the above reviewed literature and to the best of the authors knowledge it
is evident that published studies on use of exhaust gas energy to dry black nightshade
seeds are limited with no clear consensus on recommended temperatures and drying

methods’ influence on viability of black nightshade seeds.

In addition, knowledge of seed germination response of species to environmental
conditions is still scarce at the community level (Yi et al., 2019). The present study,
therefore, focused on drying behaviour and germination of black nightshade seeds
subjected to solar, solar-exhaust gas and exhaust gas modes of drying in a greenhouse
dryer. Drying experiments and standard germination tests were conducted to generate
data to be fitted to two commonly used germination models to allow for selection of

the best model to describe germination experimental data.

The hypothesis proposed for this research was that germination percentage for the
three drying modes was the same. The overall goal of this research was to determine
the influence of the drying modes on the viability of black nightshade seeds.
Specifically, the authors asked the question: how will the drying modes influence
viability of black nightshade seeds? To comprehensively address the research gaps, a
hybrid recuperative heat exchanger (HRHE) was developed to recover exhaust gas
heat energy from a stationary diesel engine and the energy was utilized as a supplement
in a solar greenhouse dryer when radiation was low and at night. As a new contribution
from the current work, an HRHE was introduced as a strategy to recover exhaust gas
heat energy from a stationary diesel engine to heat drying air in a modified solar-

exhaust gas greenhouse dryer. The expected output from this study was quicker and
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continuous drying of black nightshade seeds in a solar-exhaust gas greenhouse dryer
when radiation was low during the day and during nighttime when there was no solar
radiation. The benefit of the heat exchanger in the whole system was to transfer heat
energy from exhaust gas released by a diesel engine to the greenhouse dryer inside

environment for drying purposes.

As a justification, the present work was chosen to promote the conservation of black
nightshade crop through seeds drying to recommended conditions to improve
germination and subsequently to preserve the biodiversity of the beneficial vegetable
crop—black nightshade has been reported to have larvicidal activity against Stegomyia
aegypti, a common vector of dengue fever according to Chowdhury et al. (2008). The
previous study concluded that Solanum villosum offers promise as a potential bio
control agent against Stegomyia aegypti particularly in its markedly larvicidal effect.
The use of black nightshade extract or isolated bioactive phytochemical has been
recommended in stagnant water bodies for the control of mosquitoes which act as
communicable diseases’ vectors. However, the main objective of the current work was
to recover heat energy from exhaust gas of a stationary diesel engine doing milling
operations and then to utilize the energy to heat a fluid stream of drying air in a solar-

exhaust gas greenhouse dryer for black nightshade seeds.

The drying technique used in the current work was fast on solar-exhaust gas mode,
protected black nightshade seeds from exposure to the environment and prevented
contamination due to dust and insects. Black nightshade seeds are small in size and
can easily be blown away by the actions of wind if not dried in a protected
environment—solar-exhaust gas greenhouse dryer—as has been performed in this
study. Heat energy from a diesel engine generated exhaust gas was a supplemental
source during nighttime phase of drying and daytime when solar radiation was low.
Exposure of black nightshade seeds to full sun should be avoided, as this can cause

overheating, killing the embryos, especially in humid climates.

The current study was further conducted to develop mathematical models that were
used to predict responses of black nightshade seeds temperature, moisture evaporated
and greenhouse dryer room air temperature during greenhouse drying of the seeds. The
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study hypothesized that there is no difference in the means between predicted and
experimental observations of the responses. The choice of an experimental design
involved the selection of a tentative empirical model to describe the results. The model
was a quantitative relationship (equation) between the response and important design
factors (drying time and experimental data).

2.4 Conceptual Framework

The conceptual framework linking independent and dependent variables in this study

is shown in Figure 2.1.
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Figure 2.1: Conceptual Framework for the Study
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Description of Study Site and System Layout

Field experiments were set up at the Department of Agricultural and Biosystems
Engineering, Jomo Kenyatta University of Agriculture and Technology (JKUAT),
Kenya. The latitude and longitude of the University are 1°5'20.8”'S and 37°0'30"'E,
while the altitude is 1527 m above the sea level. The mean annual temperature is
19.85°C with a mean annual maximum temperature of 24.91°C and a mean annual
minimum temperature of 14.79°C. The relative humidity range from 15-80%. The
climate for the study site is considered warm and temperate with an annual bimodal
rainfall of 1014 mm characterized by cold rainy seasons occurring from April to

August and October to December each year.

The solar-exhaust gas environment in this study is an example of a dynamic system
such that its response is predictable when subjected to a defined input (introduction of
heat energy from the sun and diesel engine generated exhaust gas). To explain the
system used in the present work, an internal combustion engine using diesel produces
exhaust gas which is channeled to a hybrid recuperative heat exchanger for energy
recovery. The heat exchanger system is at a steady state when the pressure of exhaust
gas immediately leaving the engine is increased, forcing the gas through a connector

of 0.05 m diameter into a tube of 0.39 m diameter.

A series of six connectors and six tubes are arranged to compose the heat exchanger
as shown in Plate B.10 such that the mass of exhaust gas is increased in the tubes
leading to an increase in pressure, and the exit pipe of the heat exchanger is open to
the atmosphere leading to a zero-gauge pressure. In two ways, energy is added to or
subtracted from the hybrid recuperative heat exchanger designed and developed for
the current study. Energy in the form of exhaust gas internal energy, kinetic energy,
and potential energy is transported into or out of the hybrid recuperative heat
exchanger through its boundaries (inlet and outlet). In addition, energy is transferred
to the hybrid recuperative heat exchanger surface in the form of heat when the dryer is
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operated on solar-exhaust gas mode. The properties of the solar-exhaust gas system,
that is, density of exhaust gas, temperature of drying air and that of the working fluid,
change due to transport of mass. Heat transfer processes in this dynamic system
involve the transport of energy from the exhaust gas to a hybrid recuperative heat
exchanger surface. In this study, the analyses of fluid and thermal systems of the solar-
exhaust gas dryer use the assumption of lumped parameter such that all dependent
variables and properties are constant in relation to space and size with time being the

independent variable.

Exhaust gas fluid properties include density and viscosity, and thermal properties are
conductivity and specific heat. However, unpredictable changes in the solar-exhaust
gas input necessitates the introduction of a feedback control system designed to
provide a stable desired response to control temperature. The output variable for the
solar-exhaust gas system is the temperature of the dryer environment where the drying
of products takes place. A change in the input leads to a dynamic response from the
solar-exhaust gas system in the form of a change in its inside temperature. The
greenhouse dryer had dimensions of 8 m long, 4 m wide, and 3.6 m high. It was glazed
with an ultraviolet polythene film of 0.2 mm as a thickness. The solar-exhaust gas
greenhouse dryer used in this study is shown in Plate B.1 (outside view) and Plate B.2

(inside view).

The dryer was of a standard peak even span positioned in an east-west orientation to
make full use of the available yearly solar energy. The installation based on the east-
west orientation has been reported by Ronoh et al. (2020) as the preferred longer axis
orientation for latitudes less than 40°. The floor of the dryer was painted black, acted
as a heat sink, and increased the conversion of light into heat. Four drying trays, two
on the right and two on the left were fabricated inside the dryer to measure 6 m long
by 1 m wide with a spacing of 0.3 m between the two levels of drying. Food-grade
plastic mesh screen (green in colour) held the drying products in position during the

experiment.

Samples of freshly harvested black nightshade berries shown in Plate B.3 were

collected from Western Kenya. Black nightshade seeds were extracted from the berries

44



by a fermentation process (Ekhuya et al., 2018; Schippers, 1998; Edmonds & Chweya,
1997) where the seeds with the pulp were left to ferment for three days. The seeds were
then separated, thoroughly washed with water, and dried in the solar-exhaust gas
hybrid greenhouse dryer. The seeds were evenly spread in thin layers on the drying
trays as shown in Plate B.4. Galvanized iron connectors increased the structural
strength of the hybrid recuperative heat exchanger while unions and sockets formed
the plumbing system. The heat exchanger provided heat energy to surrounding air of

the dryer environment below the drying trays.

3.2 Instrumentation and Data Acquisition

To study the variation of temperature and relative humidity profiles inside and outside
the solar-exhaust gas greenhouse dryer, twenty-six (AM2301A, China) temperature
and relative humidity composite sensors with calibrated digital signal output were
used. The sensors performance based on temperature characteristics were resolution
ratio of 0.1°C, accuracy of +0.5°C, measuring range of -40-80°C and repeatability of
0.2°C. Based on humidity characteristics, the sensors performance was resolution of
0.1%, extended measuring range with a minimum of 0% and a maximum of 99.9%,
accuracy of +0.3%, repeatability of +1%, and hysterisis of +0.3%. Twenty-four of
the sensors were placed at the desired locations inside the dryer while one RH sensor
and another temperature sensor were placed outside the solar-exhaust gas greenhouse
dryer. Surface temperatures of connectors and tubes of the hybrid-recuperative heat
exchanger were measured using twelve (DS18B20, China) programmable resolution
1-wire digital thermometers with operating temperature range of -55°C to +125°C
(£0.1). With reference to the solar-exhaust gas greenhouse dryer, inside and outside
radiations were measured using two (MAX44009, China) ambient light sensors with
digital outputs ideal for applications and operations in the dryer. The (AM2301A,
China), (DS18B20, China), and (MAX44009, China) sensors were programmed to
record data in a microcontroller (ATmega2560, Italy). The Arduino Mega
microcontroller was equipped with a 2 GB microSD card for data storage of the drying
experiments conducted between July 2022 and January 2023—the ideal period to
perform experiments when the weather conditions were most suitable for solar mode,

solar-exhaust gas mode, and exhaust gas mode. Mass of black nightshade seeds was
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recorded after one hour interval until no further change in mass occurred using a strain
gauge based digital weighing scale (D-72336 Balingen, Germany) with a precision of
+0.001 g as shown in Plate B.5.

3.3 Establishing the Relationships between Characteristics (Fluid and Thermal)
of Exhaust Gas, and Design Parameters of a Hybrid Recuperative Heat

Exchanger

To mathematically model a dynamic system like the solar-exhaust gas dryer used in
the present work, appropriate equations for conservation of mass, energy, and
Bernoulli’s equation derived from conservation of momentum are established for
control volume analysis. Equations for friction losses, and compressible flows are
customized for exhaust gas flow in the system of the hybrid recuperative heat
exchanger pipe geometry. In addition, laws for heat transfer mechanisms are set for
the thermal system. Diesel engine generated exhaust gas is treated as a compressible
fluid such as an ideal gas with an approximately constant density of 0.7487 kg/m? for
a wide range of exhaust gas temperatures. In the present work, the hybrid recuperative
heat exchanger is a dynamic thermal system. When exhaust gas from the diesel engine
flows inside the heat exchanger with a surface temperature at ambient, transient
thermal behaviour occurs as heat is transferred to the heat exchanger surface until a
steady state is reached. A transient response occurs as the surface temperature of the
heat exchanger gradually approaches the temperature of the exhaust gas flowing inside
it. The heat exchanger has a capacity for accumulating internal energy due to the
transfer of heat from the exhaust gas before it dissipates this energy in the form of heat

to the solar-exhaust gas dryer environment.
3.3.1 Principle of Work and Energy as Applied to Modelling Exhaust Gas Flow

The work and energy principle was derived by taking the dot product of Newton’s
second law of motion. Both sides of the resulting equation were integrated while
considering the path of motion of exhaust gas from the inlet to the outlet of the hybrid
recuperative heat exchanger. The general form of the principle of work and energy was

expressed in Equation (3.1).
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KEZ = KEl + WD1—>2 (31)

In Equation (3.1), KE, is the kinetic energy of the exhaust gas at heat exchanger outlet,
KE; is the kinetic energy at inlet, WD, _,, is the work done by all external forces as the
exhaust gas moves from the inlet denoted by 1 to the outlet denoted by 2, in the heat
exchanger. The potential energy function, PE, was defined for both conservative and
non-conservative forces where conservative forces had their work dependent on the
initial and final positions of the exhaust gas and non-conservative forces had their work
dependent on the path of motion of the exhaust gas as it flowed through the heat
exchanger. In both cases, the potential energy function was defined so that the work
done was expressed as a difference in potential energies as shown in Equation (3.2)
where PE] is the potential energy of the exhaust gas at heat exchanger inlet, PE, is the

potential energy at outlet.

WD1—>2 = PE1 - PEZ (32)

Consequently, the total work was represented using Equation (3.3). In the equation,
conservative forces were denoted by C, and non-conservative forces were denoted by
NC.

WD, = (WDis)c+ (WDip)ne (3.3)

The total energy in the exhaust gas was the sum of kinetic and potential energies which
for a conservative system was a constant and satisfied the principle of conservation of

energy as shown in Equation (3.4).

KE,, + PE,, = C(Constant (3.4)

In Equation (3.4), KE,, is the exhaust gas Kkinetic energy and PE,, is the exhaust gas
potential energy. For the purposes of direct application, Equation (3.4) was used to
develop its equivalence as shown in Equation (3.5).

1

- 2
2 MexVex = (onstant (3.5)

+Mey. g Moy
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In Equation (3.5), m,, is the mass of exhaust gas, V,, is the exhaust gas velocity, g is
the acceleration due to gravity, and h,, is the position of exhaust gas in relation to the

exhaust gas manifold. In the current application the potential energy was insignificant.
3.3.2 Conservation of Exhaust Gas Mass Analysis in the Heat Exchanger

The control volume form of conservation of mass in a hybrid recuperative heat

exchanger in which exhaust gas flows was given in Equation (3.6).

Rate at which Rate at which
< mass enters ) (mass accumulates in )
heat exchanger heat exchanger
Rate at which
—-( mass leaves )

heat exchanger

(3.6)

Mass enters and leaves the heat exchanger through its boundaries (inlet and outlet).
The rate at which mass crossed the boundary of the heat exchanger was the mass flow
rate of exhaust gas, m,,. If m,, is the total mass of exhaust gas in the heat exchanger

at any instant, Equation (3.6) is written as Equation (3.7).

. , dm 3.7
Moy, in — Mex, out = dtex ( )

The total mass of exhaust gas in the heat exchanger at any instant was as given in
Equation (3.8).

3.8
Moy = j PexAVyEx ( )

In Equation (3.8), p., is the mass density of exhaust gas and Vg is the volume of the
heat exchanger. The mass flow rate of exhaust gas was written as shown in Equation
(3.9).

Moy = pe'x (39)
'Qex

In Equation (3.9), Q. is the volumetric flow rate of exhaust gas. Using Equation (3.8)
and Equation (3.9) in Equation (3.7) yields Equation (3.10).
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Pex. in " Qex. in — Pex. out " Qex. out %([ pedeHEX) (3.10)

Exhaust gas entering the heat exchanger was assumed to be of a constant species,
homogenous, and the density did not vary with time so that, p., = Pex. in = Pex. out-

Consequently, Equation (3.10) reduced to Equation (3.11).

dVHEX

) o — 0O = 3.11
Qex. mn Qex. out dt ( )

3.3.3 Modeling Total Energy in the Hybrid Recuperative Heat Exchanger

The total energy in the control volume (hybrid recuperative heat exchanger) in the

current work was given by Equation (3.12).

Enpx = Uex + KEex + PEgx + Eptner (3-12)

In Equation (3.12), Eygyx Is the total energy in the heat exchanger, U,, is the internal
energy of all particles in the heat exchanger, KE,, is the exhaust gas kinetic energy,
PE,, is the exhaust gas potential energy, and E,;;., represents other forms of energy
such as energy stored in the components and energy associated with any reactions
within the heat exchanger. The potential energy in the exhaust and other forms of
energy were insignificant in our control volume, therefore, Equation (3.12) was
reduced to Equation (3.13).

Enpx = Uex + KEgy (3-13)

To obtain the total internal energy, the specific energy (the energy per unit mass, u,,

, over the control volume) was integrated as shown in Equation (3.14).

Uex = juex dmeg, = fuex PexAVhEx (3-14)

In Equation (3.14), m,, is the mass of exhaust gas, p,., is the mass density of exhaust
gas and Vg is the volume of the heat exchanger. The internal energy was the energy
associated with the random motion of exhaust gas molecules and thus was a function
of temperature. The specific internal energy associated with the exhaust gas flow was

given by Equation (3.15).
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Uy = CoxTex (3 15)

In Equation (3.15), C,, is the specific heat capacity of exhaust gas and T,, is the
temperature of the diesel engine generated exhaust gas. Using these definitions,
Equation (3.13) was rewritten as Equation (3.16).

Enpx = J.(KEex + uexpex)dVHEX (3-16)

The form of the energy equation for the heat exchanger as a control volume was

summarized in Equation (3.17).

Rate
Rate at \ Rate
a.t which of
which ) Rate
energy convection \
energy ] at
i is heat )
is which
transferred transfer
transferred Jp to energy
into — + = accumulates
of the L
the within
the surface
heat the
heat of
exchanger h heat
through exchanger the exchanger /
i+ through heat
is ) its exchanger
boundaries .
boundaries
(3.17)

The hybrid recuperative heat exchanger used in the current study had one inlet and one

outlet, therefore, Equation (3.17) was rewritten as Equation (3.18).

Mey. in(uex + KEex)in — Mgy, out(uex + KEex)out + Qconv

d
= & [f (KEex + uexpex)dVHEX
(3.18)

In Equation (3.18), m,,. in IS the mass flow rate of exhaust gas at the inlet of the heat
exchanger, M,y o, 1S the mass flow rate at the outlet and Q. iS the rate of
convection heat transfer to the surface of the heat exchanger. Assuming steady flow of

exhaust gases, the rate of work done by pressure forces was given by Equation (3.19).
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Wy = (ea) = (e 2) (3.19)

In Equation (3.19), W, is the work done by pressure forces, and P, is the exhaust gas
pressure. Using Equation (3.19) in Equation (3.18) resulted in Equation (3.20), which
was the form of the energy equation for the hybrid recuperative heat exchanger with

one inlet and one outlet as utilized in the present work.

. Pex . Pex .
Moy, in | Uex +—+ KEex — Mey, out | Uex +—+ KEex + Qconv

ex in ex out

-2 | ..

+ uexpex)dVHEX]
(3.20)

3.3.4 Application of Bernoulli’s Equation for Gas Flow in the Heat Exchanger

For the flow of exhaust gas in the hybrid recuperative heat exchanger, Equation (3.21)

was applied.

Pex. in Vezx. in )2 VZ
Pex | 2 = Tmouty T O 4 PR e (3.21)

+ P Eex. in Pex 2

In Equation (3.21), P, » and P,, ., are the inlet and outlet pressures of exhaust gas,
Vex in @nd Vo oue are the inlet and outlet velocities of exhaust gas, PE,, ;, and
PE., ..t are the inlet and outlet potential energies, and p,.,. is the exhaust gas density.
In the present work, the exhaust gas potential energy was insignificant, therefore,
Equation (3.21) reduced to Equation (3.22).

Pex. in n Vezx. in — Pex. out + Vezx- out (3.22)
Pex 2 Pex 2

Under the assumptions of steady flow, the hybrid recuperative heat exchanger energy

equation represented by Equation (3.20) reduced to Equation (3.23).
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. Pex . Pex s _
Moy, in | Uex +—+ KEex ' — Meyx, out | Uex +—+ KEex + Qconv =0

ex in pex out

(3.23)

For steady flow of exhaust gas, there is no mass accumulation within the heat
exchanger, such that, m,,, = Mey in = Mex. our- Dividing Equation (3.23) by m,, and

defining qox = Qconv/Mex, Equation (3.23) reduced to Equation (3.24).

Pex Pex —
Uex t ,0_ + KEex —\Uex + ,0_ + KEex t Gex = 0 (3.24)

ex in ex out

If the following three equations are applied to Equation (3.24):

Qex = Uex. out — Uex. in (3-25)
V2 .

(KEex)in = % (3.26)
VZ

(KEex)out = ex.zout (3-27)

It followed that Equation (3.24) reduced to Bernoulli’s equation as defined in Equation
(3.22), which was applicable for the flow of exhaust gas in the hybrid recuperative
heat exchanger used in the current work. Equation (3.25) implied that heat transferred
to the heat exchanger led to an increase of internal energy. In addition, Equation (3.22)
involved the term (P, in — Pex. out)/Pex Which is the gauge pressure and exposing

the exhaust gas flow to the open atmosphere made the gauge pressure to be zero.
3.3.5 Determination of Losses in the Heat Exchanger Pipe Flow System

The total head loss in the hybrid recuperative heat exchanger piping system was given

using Equation (3.28).

hy = hy+hpy (3.28)
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In Equation (3.28), h, is the total head loss, hs is the head loss due to friction (major
head losses), and h,,, is the sum of all minor head losses due to elbows, unions, sockets,
and connectors used in the piping system. Connectors caused sudden contraction in
the hybrid recuperative heat exchanger. Minor head losses were expressed in the form
of Equation (3.29).

Vex

h, = K2 (3.29)
29

In Equation (3.29), K is a loss coefficient, 1, is the exhaust gas velocity, and g is the
acceleration due to gravity. The frictional head loss in the heat exchanger piping
system was dependent on the geometry of the pipe as well as the flow properties and
it was expressed in the form of Equation (3.30).
he = gLV (3.30)
o= szg :

In Equation (3.30), f is the friction factor, L is either the length of a tube or connector,
and D is either the diameter of a tube or connector. The friction factor was defined as

a function of two dimensionless parameters expressed in Equation (3.31).

f = function(Re,%) (3.31)

In Equation (3.31) &/D is the ratio of the pipe’s roughness to its diameter. The
Reynolds number, Re was defined as expressed in Equation (3.32).
Pex * Vex D

Re = —— 3.32
.uex ( )

In Equation (3.32), Re is the dimensionless Reynolds number, p,, is the diesel engine
exhaust gas density, and u,, is the dynamic viscosity of exhaust gas. For laminar flow
in tubes of the heat exchanger, analytical methods were used to show that the friction

factor was expressed as shown in Equation (3.33).

64
f=z (3.33)
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Noting that the velocity of exhaust gas in a circular pipe was related to the volumetric

flow rate, Equation (3.34) was expressed as:

4Qcx

— (3.34)

ex

The substitution of Equations (3.32) and (3.33) into Equation (3.30) led to Equation
(3.35), which was used for laminar flows in tubes.
128 - iy - L
hf = —MM— .

f Por g -T- D Qex (3.35)
The Colebrook equation provided a quantitative fit to empirical data for a pressure
drop in the heat exchanger pipe system and it was used as an empirical method to
quantify Equation (3.31) for turbulent flows in connectors as expressed in Equation
(3.36).

1 £ 2.51
ﬁ = —2.0log <m+ Reﬁ) (3.36)
Consequently, because it was not possible to solve Equation (3.36) in closed form to
determine the friction factor after having obtained the values of Reynolds number and
the ratio of the pipe’s roughness to its diameter, the friction factor was obtained by
referring to the Moody diagram (Moody, 1944), a chart that provided curves of friction
factors versus Reynolds number for different values of the ratio of the pipe’s roughness
to its diameter. Galvanized iron, an ideal metal for fabrication and welding using
tungsten inert gas (TIG) welding technique was used to fabricate the hybrid
recuperative heat exchanger. From the Moody diagram, the ratio of pipe’s roughness
to its diameter for galvanized iron connectors of 50 mm diameter was found to be
0.003 and for the tubes of 390 mm the ratio was 0.0004. In this study, major head
losses due to friction were determined and reported, while minor head losses in the

piping system were considered insignificant.
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3.3.6 Thermal Modeling of the Hybrid Recuperative Heat Exchanger System

Internal energy was accumulated in the heat exchanger before it was dissipated to the
solar-exhaust gas greenhouse dryer environment. The thermal capacitance of the heat

exchanger was defined as expressed in Equation (3.37).

dU,,
Ciherm = dT (337)
ex

In Equation (3.37), Cenerm 1S the thermal capacitance of the heat exchanger, U,, is the
total internal energy in the exhaust gas, and T, is the exhaust gas temperature. The
heat transfer to the heat exchanger surface from the exhaust gas was resisted with a

thermal resistance defined in Equation (3.38).

AT,

(3.38)

R therm :
Qconv

In Equation (3.38), Riperm 1S the thermal resistance, AT, is the temperature difference
between the exhaust gas and heat exchanger surface, and Q_,,,, is the convective heat
transfer rate between them. When the temperature of the heat exchanger surface and
exhaust gas were equal, thermal equilibrium occurred, the heat transfer ceased, and the
heat exchanger stopped absorbing energy. The total internal energy, U,, , was a
product of the mass of exhaust gas, m,, , and the specific internal energy, u,,. From
Equation (3.15), the specific internal energy was equal to the specific heat capacity of
exhaust gas, C,, , times the temperature, T,,. The application of Equation (3.37) led

to the thermal capacitance of the heat exchanger as expressed in Equation (3.39).

Ciherm = Mex " Cex (3-39)

The transient behaviour of the heat exchanger was modeled by applying conservation
of energy to the exhaust gas. Energy, in the form of heat, was transferred to the surface
of the heat exchanger and the rate of change of internal energy was equal to the rate at

which heat was transferred to the heat exchanger surface as defined in Equation (3.40).
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AU,y
dt

Q.COTLU (3'40)

With the assumption of constant specific heat and using Equation (3.38), Equation

(3.40) became as expressed in Equation (3.41).

(ll ex 1
n lex ex dt Rther ( ex S) ( 1)

In Equation (3.41), T; is the heat exchanger surface temperature. Equation (3.41) was

rearranged and expressed as Equation (3.42) which is a first order differential equation.

AT, 1 1
x—— t 5T =
dt Rtherm Rtherm

MexCe Ts (3.42)

In as much as conduction heat transfer in the current work was insignificant because
the inside and outside heat exchanger surface temperatures were assumed to be the
same over a 1.6 mm thickness of galvanized iron making tubes and connectors, the
rate of heat transfer through conduction could be modeled by Fourier’s law of

conduction as expressed in Equation (3.43).

Qcond _ k aTex

3.43
SA on ( )

In Equation (3.43), Q..nq IS the conduction heat transfer rate, S, is the surface area, k
is the thermal conductivity and, n is the direction normal to the area through which
heat is transferred. The resistance due to conduction in the annular cylindrical heat
exchanger of length, L , inner radius, r; , and outer radius, 7, , which was made of
galvanized iron of thermal conductivity, k , could be modeled as expressed in Equation
(3.44).

1 7,
Rinerm = 2kl In (7) (3.44)
i

Convection heat transfer occurred between the moving exhaust gas at high temperature
and the heat exchanger surface at rest. A thermal boundary layer, as a thin region near

the heat exchanger surface, existed with a temperature gradient, therefore, the rate of
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convection heat transfer per unit area was modeled by Newton’s law of cooling as

expressed in Equation (3.45).

Q

— = hconv(Tex_Ts) (3.45)
Sa

In Equation (3.45), Q..ny is the convection heat transfer rate, and hgyy,, is the

convection heat transfer coefficient.

3.4 Developing a Hybrid Recuperative Heat Exchanger and Evaluating its

Performance Using Experimental Temperature and Moisture Evaporation Data
3.4.1 Heat Exchanger Development

The heat exchanger setup involved the use of a naturally aspirated diesel engine
(R175A, China). This type of engine is commonly used to power a stationary milling
machine on the farm. The basic parameters of the R175A engine are listed in Table
A.1l. To provide boundary conditions for performance calculation, a steady state heat
balance was carried out in the Thermofluids laboratory at JKUAT on a test engine
shown in Plate B.6. The engine had similar specifications to the R175A and the
experimental data under the benchmark operating condition point of 2500 rpm and
mean effective pressure of 576 kN/m? were obtained. Previously, Zhang et al. (2022)
selected an operating condition of 1.5 MPa brake mean effective pressure (BMEP) and
1500 rpm engine speed when conducting experiments of injection strategies on engine
performance. In the current study, the single cylinder compression ignition engine
running on diesel fuel was tested for engine speed, DES (rpm); exhaust gas
temperature, T,, (°C); exhaust gas mass flow rate, m,, (kg/h); exhaust gas volumetric
flow rate, Q,, (m%/s); exhaust gas velocity in connectors, V,,, (m/s); and exhaust gas
velocity in tubes, V;;, (m/s). Five other exhaust gas properties corresponding to engine
speed were computed based on relevant fluid and thermal equations for heat transfer

mechanism.

57



Some of the assumptions made when diesel exhaust gas was used as a working fluid
in the heat exchanger included: the existence of steady operating conditions, negligible
potential energy, and use of air properties for exhaust gas. The heat exchanger was
named HRHE based on the construction and the counterflow configuration. It has
separate flow paths for exhaust gas and drying air. The two fluids flow simultaneously
through the heat exchanger as heat is exchanged across the wall separating the flow
paths. In the solar-exhaust gas greenhouse dryer environment, the inlet air from outside
was allowed to flow from one direction, pick up moisture from the drying product and
exit in an opposite direction. The heat exchanger ran across the greenhouse dryer
environment to entirely cover it. Exhaust gas was channeled to flow through the
tubular heat exchanger and allowed to exit at one end. The greenhouse dryer
environment was heated through convective heat transfer from exhaust gas, through
the heat exchanger surface and to the dryer environment. Table A.2, adapted from
Perry and Green (1997) shows the physical properties of air at a pressure of 101.13
kPa.

To assess exhaust gas thermal energy available in a diesel engine in the thermofluids
laboratory, modern convenient emission measurement system research tools were
used. Temperature sensors of type K thermocouples (RTD type-PT100) capable of
transmitting temperature data in the range of 0-1200°C were used with a software for
engine performance analysis as presented in Plate B.7. Besides temperature
measurements, exhaust gas mass flow rate was measured using a pitot tube flow sensor
(mass flow rate meter) which was part of a portable exhaust gas analyzer. The mass
flow rate of the exhaust gas was computed based on Bernoulli and flow continuity
equations using the pitot tube as indicated in Equation (3.46). Large changes in
pressure differences reflected small changes in the flow because of the square root
relationship, therefore, four pressure difference sensors were incorporated with ranges
that span more than two orders of magnitude to overcome the problem of a limited

dynamic range associated with flow meters based on differential pressure.

Mexy = K(Re) x A\/pex (Pyrgn — Prow) (3.46)
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In Equation (3.46), m,, is exhaust gas mass flow rate, K (Re) is discharge coefficient
for flow tube assembly as a function of Reynolds number, A is physical cross-sectional
area of flow tube assembly, p,, is density of exhaust gas, and (Py;cy — PLow) 1S
differential pressure. To determine the available energy in the exhaust gas, the
relationship presented in Equation (3.47) was used.

Agy = MexCoxATey (3.47)

In Equation (3.47), 4,, is available thermal energy in the exhaust gas, 7,, is mass
flow rate of exhaust gas, C,, is specific heat capacity of exhaust gas, and AT,, is
change in temperature of exhaust gas in comparison with the ambient temperature. For
calculations of the available exhaust gas thermal energy, the specific heat capacity of
exhaust gas was adopted as 1.0683 kJ/kg-°C an average value of the specific heat
capacities of air, at constant pressure, for all the temperature ranges in Table A.2. The
need to recover energy from exhaust gas led to the conceptualization of a heat
exchanger. Heat transfer in the separating wall of the heat exchanger was evaluated
based on the analysis of the non-dimensional Nusselt number presented in Equation
(3.48) and Equation (3.49). The working fluid inside the heat exchanger tube was
exhaust gas from a diesel engine. The temperature difference between diesel engine
exhaust gas and the wall surface of the heat exchanger was large. Consequently, the
Sieder and Tate equation was used to evaluate Nusselt number for turbulent flow in
connectors of the heat exchanger as expressed in Equation (3.49). For the fully
developed laminar flow in airtight cylindrical tubes of the heat exchanger where

Reynolds number was less than 2000, Nusselt number was used as 3.66.

Nu = _hcon;;'LC (3.48)
1 Uex 0-14
Nu = 0.027-Re°'8-Pr3-(M ) (3.49)
Sur

In Equation (3.48), Nu is Nusselt number, h.,,,, IS convection heat transfer coefficient,
L is characteristic length and k is thermal conductivity. In Equation (3.49), Nu is
Nusselt number, Re is dimensionless Reynolds number, Pr is Prandtl number, u,, is
dynamic viscosity of exhaust gas, ug,, is dynamic viscosity of air at the surface of the

heat exchanger wall material. Prandtl number was adapted from Rapp (2016) and used
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as 0.72. The dynamic viscosity of air at the surface of the heat exchanger wall material
was used as 1.85 x 10~ N-s/m2. The average velocity of exhaust gas as it flows
through the connectors and tube was determined from Equation (3.50).

mex

. = 3.50
. Pex " Ac ( )

In Equation (3.50), V,, is average velocity of exhaust gas, m,, is mass flow rate of
exhaust gas, p., IS exhaust gas density, and A is cross-sectional area through which
exhaust gas flows. For computation of the average velocities of exhaust gas through
connectors and airtight tubes of the heat exchanger, density of exhaust gas was adopted
as 0.7487 kg/m3, an average value of the densities of air at constant pressure. To
determine whether diesel engine exhaust gas was in laminar or turbulent flow,
Reynolds number was used as defined in Equation (3.51).
Pex *Vex - D

Re = —— 3.51
.uex ( )

In Equation (3.51), Re is dimensionless Reynolds number, p,, is diesel engine exhaust
gas density, V., is average velocity of exhaust gas, D is diameter of connector or
airtight cylindrical tube, and ., is dynamic viscosity of exhaust gas. Classification of
diesel engine exhaust gas flow through the heat exchanger was done according to
Menon (2014) where three main flow regimes have been reported as laminar flow with
Reynolds number less than 2000, critical flow with Reynolds number greater than
2000 but less than 4000 and turbulent flow with Reynolds number greater than 4000.
For calculations of Reynolds number, the dynamic viscosity of exhaust gas was
adopted as 2.987 x 10~5 N-s/m? an average value of the dynamic viscosities of air, at
constant pressure. The flow of exhaust gas through the heat exchanger was based on
forced convection, such that a motion was generated by the action of a running diesel
engine. The equation for the rate of convection heat transfer to the surface of the heat

exchanger is given in Equation (3.52).

Qconv = heonvSa(Tex — Ts) (3.52)
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In Equation (3.52), Q.. iS cONvection heat transfer rate, h.,p, IS cOnvection heat
transfer coefficient, S, is surface area, T is surface temperature, and T,,, is exhaust gas
temperature. This study introduced galvanized iron plates, sockets, unions, and
connectors as the chosen materials of fabrication for the heat exchanger because of
their availability, affordability, good ductility, and weldability—galvanized iron is
ideal for metal fabrication and welding using tungsten inert gas (TIG) welding
technique. The properties of galvanized iron that makes it suitable for this work are
listed in Table A.3.

The heat exchanger was designed to have circular surfaces on both front and back
faces. Rolled plates were used to form cylindrical portions. The geometry of the heat
exchanger was considered cylindrical with straight horizontal portions to allow for
effective use of available sizes of galvanized iron materials. In the design, back
pressure on exhaust system was considered. It was necessary to periodically lower and
increase back pressure interchangeably to achieve the right amount and allow
expulsion of exhaust gas from manifold. A galvanized iron pipe connector of 5 cm
diameter (Sawant et al., 2018; Kesgin, 2015) was connected to the diesel engine
exhaust manifold to lower back pressure and allow exhaust gas to leave the engine.
The length of the first connector, CN1, was guided by proximity of exhaust manifold
to first tube, TB1, and width of dryer. The engine was operated at optimal speed,
surface temperature of connector was measured, and velocity of exhaust gas was
determined. Temperature of exhaust gas leaving a connector was measured and
compared to ambient temperature with the objective to obtain an exit exhaust gas
temperature desired at +1-2°C above ambient temperature. Tubular part of the heat
exchanger was made larger in diameter (39 cm) as compared to a connector’s (5 cm)
to create the circular geometry which allowed more flow of the working fluid thereby
increasing retention time and total heat transfer as shown in Plate B.8. The diameter
of tube was guided by height between floor and lower drying tray of dryer. To further
lower back pressure, TB1 was introduced and connected as part of heat exchanger.
Repeatedly, surface temperature, exhaust gas velocity and temperature at exit of tube
were measured and recorded. A series of connectors (CN1-CN6), designed to increase
back pressure, and tubes (TB1-TB6) designed to reduce back pressure formed the heat

exchanger. They were developed and introduced in the dryer. Temperature inside the
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dryer was measured and compared to those of outside environment as a measure of

performance and benefit of HRHE.
3.4.2 Energy Balance Models for Drying Black Nightshade Seeds

Considering black nightshade seeds drying, solar radiation is converted to thermal
energy. According to Jain and Tiwari (2004b) solar radiation falling on the seeds’
surface is partly absorbed to evaporate moisture from it to the surrounding air. Plastic
cover used in the dryer produces a greenhouse effect by trapping solar energy in the
form of thermal heat expressed in Equation (3.53) where with respect to greenhouse

cover, I; is solar intensity (W/m?), 4; is area (m?) and t; is transmissivity.

Thermal heat within cover = ZIiAiTi (3.53)

A fraction of trapped energy is received partly by black nightshade seeds and partly
by the floor and exposed tray area as shown in Equation (3.54) and (3.55) while the
remaining solar radiation will heat the enclosed air inside the solar-exhaust gas
greenhouse dryer as shown in Equation (3.56) where a is absorptivity and for

Equations (3.54) - (3.56), F is fraction of solar radiation.

Radiation received by

= Fb z IL'AL'TL' (354)
black nightshade seeds
Radiation received by
= (-E)) A (3.55)
floor and tray area
Remaining solar radiation = (1—-FE)(1-F,)(1— ay,) Z I;A;Tt;  (3.56)
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To write the energy balance equations, the assumptions made were: thin layer drying
is adopted, heat capacity of greenhouse dryer cover and wall material is neglected, no
stratification in greenhouse dryer air temperature, absorptivity of air is neglected, and
greenhouse dryer is east-west oriented. Thermal models for prediction of black
nightshade seeds temperature and moisture evaporation were developed using energy
balance equations for forced convection drying system in a solar-exhaust gas
greenhouse dryer. For the energy balance equation (Chauhan et al., 2018a; Chauhan
et al., 2018b; Chauhan & Kumar, 2018; Chauhan et al., 2017; Kumar & Tiwari, 2006;
Jain &Tiwari, 2004b) at black nightshade seeds surface, the form is expressed in
Equation (3.57) which is then rewritten as Equation (3.58).

[ Rat
t}?ererzgl [ Rate of [ Rateof ] Rate of
energy thermal thermal thermal
received at energy energy energy
black stored by lost due lost due
nightshade _ black to to
seeds nightshade convection evaporation
surface seeds loss loss
(3.57)
dT
(1 - E)Fpap z LAt = MG, d_tb + hp(Tp —T)Ap
0.016h,[P(Tp) (3.58)
- YrP(Tr)]Ab

In Equation (3.58), E, is the fraction of solar radiation falling on tray area, F, is the
fraction of solar radiation falling on black nightshade seeds, «;, is the absorptivity of
black nightshade seeds, I; is the solar intensity on greenhouse dryer walls/roof, A; is
the area of greenhouse dryer walls/roof, ; is the transmissivity of greenhouse dryer
walls/roof, M, is the moisture content of black nightshade seeds, C,, is the specific heat
capacity of black nightshade seeds, T;, is the temperature of black nightshade seeds,
hy, is the convective heat transfer coefficient of black nightshade seeds, T, is the

greenhouse dryer room air temperature, A, is the surface area of black nightshade
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seeds, P is the vapour pressure, and y, is the relative humidity of greenhouse dryer
room air. The energy balance equation (Chauhan et al., 2018a; Chauhan et al., 2018b;
Chauhan & Kumar, 2018; Chauhan et al., 2017; Kumar & Tiwari, 2006; Jain &Tiwari,
2004b) at ground surface is summarized in the form of Equation (3.59) which is then

rewritten as Equation (3.60).

Rate of thermal
Rate of thermal [Rate of thermal; energy lost
energy energy lost from floor
received at _ inside the to greenhouse
floor ground due dryer air
surface to conduction due to
loss convection and
Lradiation losses-
(3.59)
(A= F)(1=F)ag ) iAwi = hom(Tlumo = Ty +
hgr (T|x=0 - Tr)(Ag - Ab)
(3.60)

In Equation (3.60), F, is the fraction of solar radiation falling on tray area, Fj, is the
fraction of solar radiation falling on black nightshade seeds, a, is the absorptivity of
greenhouse dryer floor surface, I; is the solar intensity on greenhouse dryer walls/roof,
A; is the area of greenhouse dryer walls/roof, t; is the transmissivity of greenhouse
dryer walls/roof, hy., is the convective heat transfer coefficient of greenhouse dryer
floor to underground, T|,—, is the temperature of greenhouse dryer floor surface, T,
is the underground temperature, hg, is the convective heat transfer coefficient of
greenhouse dryer floor to room air, T;. is the greenhouse dryer room air temperature,
Ay, is the surface area of black nightshade seeds, and 4, is the area of greenhouse dryer
floor surface. The energy balance equation (Chauhan et al., 2018a; Chauhan et al.,
2018b; Chauhan & Kumar, 2018; Chauhan et al., 2017; Kumar & Tiwari, 2006; Jain

&Tiwari, 2004b) at greenhouse dryer chamber is written by using the number of air

64



exchange per hour and is summarized in the form of Equation (3.61) which is then

rewritten as Equation (3.62).

In Equation (3.62), E, is the fraction of solar radiation falling on tray area, F,, is the
fraction of solar radiation falling on black nightshade seeds, a, is the absorptivity of
greenhouse dryer floor surface, I; is the solar intensity on greenhouse dryer walls/roof,
A; is the area of greenhouse dryer walls/roof, t; is the transmissivity of greenhouse
dryer walls/roof, h, is the convective heat transfer coefficient of black nightshade
seeds, T}, is the temperature of black nightshade seeds, T;. is the greenhouse dryer room
air temperature, A, is the surface area of black nightshade seeds, P is the vapour

pressure, y, is the relative humidity of greenhouse dryer room air, hy,. is the convective

heat transfer coefficient of greenhouse dryer floor to room air, T|,.—, is the temperature

of greenhouse dryer floor surface, A4, is the area of greenhouse dryer floor surface, T,

is the ambient temperature, and U; is the overall heat loss on greenhouse dryer

walls/roof.

[Rate of thermal energy recieved by greenhouse dryer air]

+
[Rate of thermal energy received from black nightshade seeds ]

due to convection loss
+
[Rate of thermal energy received due to evaporation loss ]

from black nightshade seeds

+
Rate of thermal energy received from greenhouse dryer f loor]

due to conduction and radiation losses

[Rate of thermal energy lost to the ambient air]
by forced ventilation

+
[Rate of overal heat loss from greenhouse dryer air]

to ambient air through canopy cover
(3.61)

(=)A= F)(A=ag) ) LA + hy(Ty = T,)4, +
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0.016h,[P(T},)

_ypla, T Per(Tlx=o =T (Ag = 4p)

=  033NV(T,—-T,) + Z U,A(T, — T,)

3.4.3 Solution of Energy Balance Models

Two approximations are used to solve the mathematical models given in Equation
(3.57) — (3.62). First, it is noted that black nightshade seeds area, A4;, reduces with
moisture reduction due to shrinkage which leads to a change in absorption of solar
energy during drying process. Using shrinkage ratio as a function of moisture ratio
allows for approximation of the value of A, as shown in Equation (3.63) and Equation
(3.64) (Nguyen et al., 2018; Ratti, 1994).

A
A—b = 0.339 + 1.246W,, — 1.385W2 + 0.792W3 (3.63)
b0
Xm
Win =3v— 3.64

The second approximation is based on linearization of partial vapour pressure, as
shown in Equation (3.65), over small temperature ranges between 25-55°C in which
solar drying mostly occurs.

P(T) = G,T + G, (3.65)

If Is¢p is the rate of thermal energy received at black nightshade seeds surface, I.¢¢q
is the rate of thermal energy received at floor surface of greenhouse dryer, and I s sz

is the rate of thermal energy received by greenhouse dryer air, then their expressions

and use are as shown in Equations (3.66) — (3.68).

lesrp = (1 — B)Fyay Z LA (3.66)
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lepre = (1= E)(1 = Fp)ay z LAT (3.67)

leppn = (1= B)(1 = B)(1 - ag) ) LA (3.68)

Similarly, Equations (3.69) — (3.73) are expressed and used in the following formats
to solve the mathematical models.

R, oA -1
A #] (3.69)
g [ hgr(Ag - Ab)
1 1 1
UA,., = + (3.70)
7 [hgr(Ag — Ap) hgooAg)l
5144 (3.71)
P(T) = exp [25317 - m
hpe = hy + h, (3.72)
= ea[(Ty, + 273.15)%* — (T, + 273.15)%] (3.73)
T Tb - Tv

With the help of Equations (3.65), (3.67) - (3.70), Equation (3.62) is simplified to
determine the greenhouse dryer room temperature under forced convection mode for
values of black nightshade seeds temperature and ambient temperature as given in
Equation (3.74).
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T
loprr + hpApTy +0.016(Gi Ty + Ry — ,Gp) + Hylegp + [(UA) goo + 0.33NV + Y UA]T,
h hpAp + 0.016h,Y,-G; + (UA) goo + 0.33NV + Y U 4;

(3.74)

Substituting linear expression of partial vapour pressure in Equations (3.58) and (3.62)
and combining the resultant equations, a form of a first order differential equation is

produced for black nightshade seeds temperature as shown in Equation (3.75).

dT, 3.75
SL T, = £0) (479)
In Equation (3.75), the derivative, i and the time dependent derivative, f(t) are
determined using Equation (3.76) and (3.77).

_ hyAp(1+0.016G;)

3.76
M., (3.76)

effB + thb [Tr - 0-016{62 - Vr(GlTr + Gz)}] (3-77)
My, Cp

I
f) =

Once the value of the greenhouse dryer room air temperature, T;. is known, with the
help of Equation (3.58), black nightshade seeds temperature, T}, can be determined
using Equation (3.75) and the rate of moisture evaporation is evaluated using the

expression in Equation (3.78).

h
My = 0.0167b [(GLTy + G,) — v, (G,T, + G,)]Apt (3.78)
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3.4.4 Convective Heat Transfer Coefficient for Black Nightshade Seeds

The Nusselt number is a function of Reynolds and Prandtl numbers for forced

convection (Jain and Tiwari, 2004a) as expressed in Equation (3.79).

h, X

Nu =
u Kv

= C(RePr)" (3.79)

The hourly data of relative humidity inside the solar-exhaust gas greenhouse dryer,
black nightshade surface temperature, inside the dryer air temperature and mass of
black nightshade seeds were recorded during the experiment. The moisture evaporated,
m,,, Was calculated by taking the difference of mass of black nightshade seeds between
two consecutive readings at one-hour intervals. The convective heat transfer
coefficient of black nightshade seeds, h;, under forced convection mode of drying was
defined as shown in Equation (3.80) (Tiwari et al., 2004).

K,
hy, = 7" C(RePr)" (3.80)

The rate of heat utilized to evaporate moisture was given as shown in Equation (3.81)
(Tiwari et al., 2004).
Qe = 0.016h,[P(T,) — - P(T;)] (3.81)

On substituting h,;, from Equation (3.80), Equation (3.81) becomes Equation (3.82).

0, = 0.016%C(RePr)”[P(Tb) —v,.P(T,)] (3.82)

Evaporation moisture was determined by dividing Equation (3.82) by the latent heat
of vaporization, A and multiplying by the area of black nightshade seeds drying tray,
A, and the time interval, t as expressed in Equation (3.83) which is similar to the form
of Equation (3.78).

Qe

K,
M, = == Apt = 0.016X—;C(RePr)"[P(Tb) —y,.P(T,)]Apt (3.83)

Let Equation (3.84) be expressed as:
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7 =0.016 )% [P(T,) — v, P(T.)]Apt (3.84)

It follows that Equation (3.83) will reduce to Equation (3.85):

mev

= C(RePr)" (3.85)

Taking logarithms on both sides Equation (3.85) is written as shown in Equation
(3.86).

In [mZev] =InC + nln(RePr) (3.86)

This is in the form of a linear equation as expressed in Equation (3.87).

y=mx+c (3.87)

The parts of Equation (3.87) are represented as follows:

Mey

y=ln[ z ],mzn,len(RePr),c=lnC,andC=eC

The following polynomial expressions shown in Equation (3.88) — (3.92) have been
used according to Anwar and Tiwari (2001) to determine density (p,,), viscosity (u,),
specific heat (C,) and thermal conductivity (k,,) of humid air. The physical properties
of humid air were then used in computation of Reynolds number (Re) and Prandtl

number (Pr).

35344 50
Pv = (1, + 273.15) '

u, = 1.718 x 1075 + (4.620 x 1078T)) (3.89)
C, = 999.2 + 0.1434T; + (1.101 x 10~*T?) — (6.7581 x 10~8T?) (3.90)
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k, = 0.0244 + (0.6773 X 107*T;) (3.91)

_ (Tb + Tv)

; (3.92)

T;

Measured data of black nightshade seeds temperature (T}), exit humid air temperature
(T,,), and exit humid air relative humidity (y,,) were recorded. The weight of black
nightshade seeds was precisely recorded during the drying period. Calculated data of
moisture evaporated (m,,,) during drying, results of Equation (3.84) representing (Z),
Reynolds number (Re), and Prandtl number (Pr) were tabulated. The values of y and
x in Equation (3.87) which correspond to Equation (3.86) were evaluated for different
time intervals and the constants C and n were obtained by linear regression analysis
and used to evaluate the convective heat transfer coefficient of black nightshade seeds
(hp). The evaporative heat transfer coefficient (h,) was then evaluated using Equation
(3.93) (Tiwari et al., 2004).

(3.93)

P(T,) — v, P(T,
he = 16.273 X 10—3hb< ( b) Yr ( r))

Tb - Tr

From Jain and Tiwari (2004b), constant values of parameters used in modelling were
adopted as follows: latent heat of vapourization (1) as 2.26 x 10°J/kg, humid air

velocity (v) as 0.01 m/s, and black nightshade seeds absorptivity (a;) as 0.6.

3.4.5 Proposed Simulation Models for Evaluation of Temperature and Moisture

Evaporated

Equations (3.53) to (3.93) reveal that greenhouse drying is complex and is under the
influence of external variables in interaction with one another. The need for simple
models to describe responses obtained from controlled black nightshade seeds drying
experiments is therefore emphasized considering deterministic effects as given in
Equations (3.94) to (3.96).
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Tb—pred =f(t¢) (3.94)

Tr—prea = f&4) (3.95)

Mey—pred = f& Q) (3.96)

In Equations (3.94) to (3.96), predicted black nightshade seeds temperature (T}),
greenhouse dryer room air temperature (7;.), and moisture evaporated from black
nightshade seeds (m,,) are obtained as a result of a stimulus (predictor) known as
drying time (t) according to a response function (f) based on a number of parameters
which are indicated by the Greek letters (£), (), and (Q), respectively. Introducing
stochastic effects of experimental error while considering the Gaussian probability
density function (PDF) and cumulative distribution function (CDF), the relationship

between predicted and experimental data is given in Equations (3.97) to (3.99).

Tb—pred * Tb—expt (397)
Tr—pred Ea Tr—expt (3-98)
mev—pred * mev—expt (399)

Experimental data for (T}), (T,) and (m,,,) were collected for each drying time in solar,
solar-exhaust gas, and exhaust gas modes of drying. Both experimental data and drying
time were treated as stimuli for predicted data of (T}), (T,) and (m,,). According to
biological mechanism of black nightshade seeds drying process the response functions
(f) were empirically selected as non-linear second order equations for predicting (T})
and (T;.) following the Galilean process (Finocchiaro, 2012) by posing the hypothesis
in the form of mathematical models given in Equation (3.100) and (3.101). Moreover,

for moisture evaporated from black nightshade seeds (m,,,), the response function (f)

72



was selected as an exponential decay equation given in Equation (3.102). Equations
(3.100) to (3.102) have taken into account the interactions between one stimulus and

the other.

2
Tp—prea = §o + &1t + E2Th_expr + €3t Th—expr + E4t? + Es(Th—expt) (3.100)
+@

2
Tr—pred = ZO + <1t + ZZTT‘—expt + {Bth—expt + {41:2 + 55(T1”—expt) + Q (3101)

Mey—pred = Qo (1 - exp(—Ql(t)QZ))

+ Q3 (1 —exp (—-04(mev—expt)ﬂs)) (3l102)

Experimental data used in the modeling process of Equations (3.100) to (3.102) were
divided into three data sets: training, validation, and testing. To fully specify the
response functions (f), values of parameters (£), (¢), and () were found through curve

fitting in R statistical software.
3.4.6 Internal Uncertainty Analysis

To validate the experimental error, the percent internal uncertainty was determined
using Equation (3.103) (Chauhan & Kumar, 2016; Anwar & Tiwari, 2001).

% internal uncertainty

U’ (3.103)
= - %X 100
mean total number of observations

The parameter (U") for % internal uncertainty evaluation is found as shown in Equation
(3.104).

2 2 2
U = \/01 +02N+ + oy (3.104)
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The standard deviation (o) is given as expressed in Equation (3.105).

2K = X)?
o= /N—o (3.105)

In Equation (3.104) and Equation (3.105) (X — X) is the deviation of observations from
the mean, (N) is the number of data sets, and (N,) is the number of observations in

each set.

3.5 Evaluating Thin Layer Drying Models for Simulating Drying Kinetics of
Black Nightshade Seeds

3.5.1 Drying Characteristics of Black Nightshade Seeds

The initial moisture content was determined according to Feldsine et al. (2002) on
Association of Official Analytical Chemists (AOAC) method of analysis. 50 g of black
nightshade seeds were placed in a moisture dish and both weights were taken. The
seeds sample and moisture dish were placed in an oven and temperatures set at 105°C.
The samples were removed and placed in a desiccator. The final mass was obtained
after cooling. A constant mass was measured and recorded. Moisture content (% db)

at any given drying time t (hours) was obtained using Equation (3.106).

m; —m;

M= x 100 (3.106)

me
In Equation (3.106), M is moisture content in (% db); m; is initial mass of sample (g);
and m, is dried mass of sample (g) at time t (hours). Ronoh et al. (2020) and Uluko et
al. (2006) have reported that the relationship between drying time and moisture content
is based on Newton model of thin layer drying for the material under varying relative
humidity like in solar-exhaust gas greenhouse drying. The instantaneous drying rate
of black nightshade seeds was computed using Equation (3.107) where DR is the
drying rate (g/g/h), Am is change in mass (g), At is change in time (h), m;_, is the

sample mass (g) preceding a given instantaneous sample mass, m; (9), t;—, is the
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drying time (h) preceding a given instantaneous drying time, t; (h), and m is the final

mass (g) of dried sample.

Am m;_4 —m;

DR=—=—t" T
At mg(ti—; — t;)

(3.107)

The moisture ratio at different drying time was computed using Equation (3.108) from
the data for moisture content of black nightshade seeds. Equation (3.108) is based on
the theory of thin layer drying and MR is moisture ratio; M, is the moisture content (%
db) at time t in hours; M, is equilibrium moisture content (%), M; is initial moisture
content (% db).

MR = _—‘*—*° (3.108)

Simulation of the drying process of black nightshade seeds in a solar-exhaust gas
greenhouse dryer was done by the application of thin layer drying models described
such as Newton model, Page model, Logarithmic model and Henderson and Pabis
model. These models were considered for use in this study because they have been

widely used for thin layer drying prediction.
3.5.2 Models Validation

Models’ validation was a necessary step to examine the thin layer drying models used
in this work. The initial scrutiny involved studying the values predicted by the models
with those observed as experimental data. First, the performance of the models was
measured in terms of root mean squared error (RMSE) which according to Hodson
(2022) is considered an excellent general purpose error metric for numerical
predictions and optimal for normal (Gaussian) errors as given in Equation (3.109),
where n is the number of observations available for analysis, P; are the predicted

values of the variable and 0; are the observed values.

n
1
RMSE = ;Z@' —0,)? (3.109)
i=1
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A low RMSE value meant that the predicted values were close to the real values and
that the model could well predict the observations (Hodson, 2022). Secondly, plotting
of the residuals against the predictions of a model was done as a standard through
which the model could be validated statistically because it was used as a measure of
the distribution of errors. The interpretation of residual plots led to the acceptance or
non-acceptance of the thin layer drying model. Generally, if the right model was used
to determine the quality of fit, the residuals had a low band width and were close to
the residual line. A model with residuals plot indicating a high band width was not
accepted because it could not best describe the drying behaviour of black nightshade
seeds.

3.5.3 Data Analysis

Microsoft 365 Excel software was used as a computational and graphical tool.
Statistical analyses were carried out using R, version 4.1.3 (R Core Team, 2023).
Curve fitting to experimental data for thin layer drying models was performed using
mosaic collection of packages in R language (Pruim et al., 2017). R Scripts and
console outputs for coefficients, constants and RMSE in the three modes of drying

were produced.

3.6 Determining the Influence of Solar-Exhaust Gas Greenhouse Drying Modes
on Viability of Black Nightshade Seeds

3.6.1 Sampling Procedure

The technique adopted in selecting black nightshade berries, for diameter and seeds
number determination as quantitative parameter and qualitative variable, respectively,
involved the sample design and size. A finite type of accessible population was
considered with Western Kenya as the geographical sampling unit. To represent the
accessible population under study, comprehensively and reliably, the sampling frame
was defined as the source list composed of mature black nightshade berries from the
vegetable crops within Western Kenya. The berries were deemed mature for harvesting
when they were still held by the plant and their colour had turned orange from green

to signify that they had ripened. In this study, diameter of black nightshade berries was
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treated as a quantitative parameter characteristic to the accessible black nightshade
berries’ population on the one hand and seeds number in a berry was a qualitative
variable dependent on the diameter and characteristic to the sample of black nightshade
berries drawn from the accessible population on the other hand. To denote the number
of black nightshade berries to be selected from the accessible population to constitute
a sample, an optimum sample size that fulfilled the requirements of representativeness,
reliability and flexibility was used. The sample procedure constituting the sample
design was chosen to result in the smallest sampling error. The disproportionate
sampling design was used as expressed in Equation (3.110).
n n; ns Ny

T el R = Sron (3.110)

In Equation (3.110), n,, n,, ns,...., n, denote the sample sizes of k strata; Ny, N,,
N;,...., Nj, denote the accessible black nightshade berries’ population sizes of k Strata;
and gy, g, 0;,...., 0, denote the standard deviations of the berries’ diameters of k
strata. From Equation (3.110), the allocation of the subsample sizes for each stratum

was computed as expressed in Equation (3.111).

_ TlNl'O'l'
"~ Nyoy + Nyoy + N3og + o+ ... ... + Nyoy

(3.111)

n;

The confidence interval for the accessible black nightshade berries’ population mean
(u), was given by Equation (3.112).
o

>X+7Z— 3.112
H Tn (3.112)

In Equation (3.112), X is the sample mean, Z is the value of the standard variate at a
given confidence level, n is the sample size and o is the population standard deviation.
The difference between the population mean (u), and the sample mean (X), was termed

the acceptable error (E), which was computed as expressed in Equation (3.113).

B o (N—-n)
E= (Z\/—z> = (3.113)
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In Equation (3.113), N is the size of the finite accessible black nightshade berries’
population and other terms are as defined previously in Equation (3.112). Ripe black
nightshade berries were plucked from buds of mature plants and placed in a sealed
container. Plucking was done by the action of fingers to prevent unnecessary physical
damage to the ripe berries that would have led to loss of seeds. A micrometer screw
gauge was used to measure the diameter of the round berries. In order to measure the
diameter, berries were placed between the jaws of the micrometer screw gauge and the
thimble was rotated using a ratchet until each berry was secured. To read the results
from the micrometer screw gauge, the first significant figure was taken from the last
graduation showing on the sleeve directly to the left of the revolving thimble. An
additional half scale division of 0.5 mm was included if the mark below the main scale
was visible between the thimble and the main scale division on the sleeve. The
remaining two significant figures—hundredths of a millimeter—were taken directly
from the thimble opposite the main scale. The thimble had to line up with the main
scale for the hundredths of a millimeter reading to be taken. To count the number of
seeds within a berry, a sample of black nightshade berry was placed on a spot in the
middle of a circular absorbent paper and with the application of thumb pressure, it was
smashed to extract the seeds from the concentration of soluble solids contained in the
berry fruit. The pulp and skin of the black nightshade berry were then separated from
the seeds, to allow the latter to be counted. A sample of 40 berries were evaluated in
this manner. The data was used in an analysis to determine the relationship between
black nightshade berry seed count and size across the largest diameter to the nearest

0.01 mm with a micrometer screw gauge.
3.6.2 Standard Germination Test

Experiments were conducted in order to accomplish the above specific objective of
this study. The experiments involved seed sample collection, drying experiments,
seeds quality tests and models fitting. Black nightshade seeds were dried under solar,
solar-exhaust gas, and exhaust gas drying modes so that the influence of the drying
conditions on the seed viability could be determined. Initial moisture content of black
nightshade seeds was determined, and the seeds were dried to a final moisture content

and measurements taken. A standard germination test for viability was conducted for
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the samples collected from the drying experiments. The objective was to determine the
seed quality in terms of germination percentage (the percentage of seeds that develop
into normal seedlings) under normal environmental planting conditions within a period
of time. Seed samples were kept in aluminium containers under ambient conditions
overnight to be in equilibrium with ambient temperature and reduce seeds stress. The
standard germination test was conducted by placing seed samples on moist soil. Six
replications of 30 seeds were performed for each drying mode. The seeds that had root
and shoots longer than 2 mm were considered as germinated seeds and were counted
after 7 days. Thereafter, the numbers obtained were converted to percentages.
Germination tests were carried out in accordance with the criteria established in the
rules for testing seed (International Seed Testing Association, 1985). The percentage
germinated black nightshade seeds were calculated using Equation (3.114) as reported
by Akowuah et al. (2018).

% Germination = Number of seeds germinated
O LETTnAtOn = N mber of seeds set for germination (3.114)

3.6.3 Germination Modelling

To predict the percentage viability of seeds during storage after a given period of time,
the relationship between temperature, moisture content and mean viability is used as
given in Equation (3.115) (Roberts, 1972).

log pso = K, — C:M — C,T (3.115)

In Equation (3.115), ps, is mean viability period in days (time taken for 50% of the
seeds to die), M is moisture content (% db), T is temperature (°C), K,,, C; and C, are
constants. Equation (3.116) (Ellis & Roberts, 1980; Sharp, 1982) is used to model the
effect of time, temperature, and moisture content on the storage life of seeds.
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t, = (K; — v)lo(Cl—CzlogM—CgT—C4T2) (3.116)

In Equation (3.116), t,, is storage time in days for the percentage viability to fall to v,
C;, C,, C3, and C, are constants which vary for different crops and are independent of
initial seed quality, K; is a constant specific to each seed lot and is a measure of initial
seed quality. The change in seed germination which is a function of the resultant
temperature from heat balance and moisture content for any time step is estimated

using the modified Sharp’s model presented in Equation (3.117) (Jittanit et al., 2009).

t
10(C0—CllOgMi—C2T—C3T2)

G, =G,y — (3.117)

In Equation (3.117), G, is germination of seed after t hours of exposure (%), G, is
initial germination of seed lot (%), M; is initial moisture content of seeds (% db), T is
temperature (°C), Cy, C;, C,, and C; are constants. Equation (3.118) is the modified
Giner’s model (Giner et al., 1991) and is used to estimate germination (G;) of seeds
with initial germination (G,) after an exposure time (t), during which grain moisture

(M;) and absolute temperature (T,) are kept constant.

Gt Ea )
— = — — Z1+ Z,M; 3.118

To fit experimental data over a succession of time intervals (At), Equation (3.119)
(Giner et al., 1991) is used with grain moisture and temperature deemed constant.

G E
AL exp |—| exp (— —+ 7+ Zsz> At (3.119)
G, RTym
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In Equation (3.119), G, is germination percentage at time t, G;,¢ IS germination
percentage at time t + At, M,, is mean grain moisture content during the interval At
(db, decimal), T,,, is absolute temperature during the interval At (K), E, is activation
energy corresponding to viability loss (Joule/mole), R is gas constant, and Z; and Z,
are constants of the model. Equation (3.120) (Thuy et al., 1999) which is a polynomial
relationship between stress cracks and germination of seeds is used to find germination

percentage of seeds.

G = —0.0211c2 + 2.051C, + 48.577 (3.120)

In Equation (3.120), G is germination percentage of seed and C,. is proportion of seeds
having transverse or vertical stress cracks (%). To validate the models’ performance
against experimental data, firstly, the coefficient of determination was defined by
Equation (3.121), where P; were the predicted values of the variable, O; were the
observed values, P; was an estimate of the average response, 0; was the average of

observations made and n was the number of elements of data from the experiment.

_XEa(Pi- ﬁi)z

_ i (3.121)
?:1(01: - Oi)z

R2

Secondly, the performance of the model was measured in terms of RMSE as given in
Equation (3.109). Finally, plotting of the residuals against the independent variable
was done as a standard through which the regression model could be validated

statistically because it was used as a measure of the distribution of errors.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Establishment of the Relationships between Characteristics (Fluid and
Thermal) of Exhaust Gas, and Design Parameters of a Hybrid Recuperative Heat

Exchanger

Table A.4 shows the connector and tube distances from the diesel engine exhaust
manifold, volumes and mass of exhaust gas contained therein. Connectors were
denoted by CN1 to CN6 while tubes were denoted by TB1 to TB6. For the computation
of the exhaust gas mass through connectors and airtight tubes of the hybrid-
recuperative heat exchanger, the density of exhaust gas was adopted as 0.7487 kg/m?.
Table A.5 shows the time taken in seconds by exhaust gas to fill connectors and tubes

of the hybrid-recuperative heat exchanger.

It has been shown in Table A5 that at the volumetric flow rate of 0.0167 m®s
corresponding to the diesel engine speed of 2500 rpm, it took 105 seconds for exhaust
gas from the engine to fill the hybrid-recuperative heat exchanger. The stated speed of
2500 rpm was the desired optimized operation speed for the diesel engine used in the
current work. Accordingly, it took 0.25 seconds for exhaust gas to fill the first
connector (CN1) which was 2.1 m away from the exhaust manifold and 18 seconds to
fill tube number one (TB1) with a volume of 0.3 m? at 4.6 m away from the exhaust
manifold. The mass of the exhaust gas in TB1 was 0.2 kg at the stated conditions with
reference to Table A.4.

Plots of volumetric flow rates of exhaust gas against time taken to fill connectors and
tubes of the hybrid-recuperative heat exchanger are shown in Figure 4.1 and Figure
4.2 for connectors and tubes respectively. The asymptotic relationship between time
to fill connectors and tubes and volumetric flow rates was true for both figures. The
time taken to fill connectors and tubes decreases with an increase in volumetric flow
rate; however, it does not get to zero seconds value. Preliminary results of diesel engine
generated exhaust gas properties corresponding to engine speed are tabulated in Table

A.6 for temperatures, mass and volumetric flow rates, velocities, Reynolds and Nusselt
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numbers in connectors and tubes, and available energy. Results from Table A.6 show
that for all the volumetric flow rates, Reynolds number in the tubes were below the

value of 2000 and this indicated fully developed laminar flows in the tubes.

CN2 CN3 CN4 CN5 CN6 =<e-=CN1
_.350 1.20
[72)
o
S 300 @ 1.00
o \‘
U) -
; 250 \\~\ 080
P Seo
O 200 DTS
%' Sse 0.60
& 150 Sea o
= S 0.40
= 100 p SO SR ) SRR
@ X=X o
e 50 '
E
0 0.00
0.0040 0.0060 0.0080 0.0100 0.0120 0.0140 0.0160

Volumetric flow rate of exhaust gas (m3/s)

Figure 4.1: Variation of Time to Fill Connectors with Volumetric Flow Rates

Critical flow was observed at Reynolds numbers of 2681 and 3048 when exhaust gas
flowed through connectors. Higher Reynolds numbers of between 7055 and 10674 in
connectors were attributed to high volumetric flow rates of exhaust gas which ranged
from 0.0111 to 0.0167 m®s. The classifications of flows in the current study are in
tandem with a publication by Menon (2014) in which Reynolds numbers have been
used to classify flows as laminar, critical, and turbulent.

The results of kinetic energy of exhaust gas and the variations within connectors and
tubes of the hybrid recuperative heat exchanger are as shown in Table A.7. At the
optimal diesel engine operation speed of 2500 rpm, the plotted variations of kinetic
energy within connectors are shown in Figure 4.3 while Figure 4.4 shows the same
variations within the tubes of the heat exchanger. Comparatively, the kinetic energy of
exhaust gas within connectors was higher than that of tubes because it was dependent
on the velocity of the gas as it flowed through the hybrid recuperative heat exchanger.

When the diesel engine was operated at 2500 rpm exhaust gas velocity through
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connectors were found to be 8.52 m/s and 0.14 m/s through the tubes of the heat

exchanger.
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Figure 4.2: Variation of Time to Fill Tubes with Volumetric Flow Rates

The increase in kinetic energy from connector number one (CN1) to six (CN6) and
from tube number one (TB1) to six (TB6) was attributed to increasing mass of exhaust
gas from 0.003 to 1.1 kg in connectors and 0.2 to 1.3 kg in tubes. Mass of exhaust gas
as a function of density and volume depended on the longitudinal distance from the
diesel engine exhaust manifold. Connector number six (CN6) and tube number six
(TB6) both had the highest amount of kinetic energy with 39.79 kJ corresponding to
CNG6 and 0.01289 kJ relating to TB6.

Both represented 90% of the total kinetic energy of exhaust gas in either case. The
Kinetic energy in connector number one (CN1) was insignificant because it represented
about 0% of the total kinetic energy in the connector system. The general variations of
kinetic energy with exhaust gas velocities in tubes and connectors of the hybrid
recuperative heat exchanger are plotted in Figure 4.5 and Figure 4.6. The general trend
is that kinetic energy increases with increase in velocity. A similar observation was
made within tubes and connectors as their longitudinal distance from exhaust manifold

increased.
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Figure 4.3: Kinetic Energy Variation in Connectors at 2500 rpm

Table A.8 and Table A.9 show the results of head losses due to friction in connectors
and tubes of the hybrid recuperative heat exchanger respectively. Figure 4.7 and Figure
4.8 are plots of frictional head losses and friction factors and their variation with
Reynolds number in connectors and tubes. Figure 4.9 is a plot of Reynolds number
variation with volumetric flow rates in connectors and tubes. In Figure 4.7, the values
of frictional head loss are higher as compared to the friction factor as applied in
connectors of the heat exchanger. For this reason, frictional head loss was plotted on
the primary vertical axis and the friction factor was plotted on the secondary vertical
axis. The two plots were made with Reynolds number on the primary horizontal axis.
It can be observed that for all the connectors, the frictional head loss increased with
increasing Reynolds number an observation equally true for the tubes as plotted in
Figure 4.8.

In addition, the frictional head loss increased from connector number one to six, with
connector number six posting the highest value of 71 m. The high head loss is
attributed to the variation of the longitudinal distance from the exhaust manifold from
which it can be shown that connector number six was 16.3 m away. The friction factor
graph in Figure 4.7 shows that with increasing Reynolds number, its values were
decreased. This is explained by higher velocities of exhaust gas that led to higher
Reynolds number as the gas flowed through connectors of the heat exchanger. In

Figure 4.8, the values of frictional head loss in tubes were lower in comparison to the
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friction factor. It was imperative that friction factor should be plotted on the primary
vertical axis as frictional head loss took the secondary vertical axis so that Reynolds
number values were plotted on the primary horizontal axis. The graph of friction factor
shows a decreasing trend in Figure 4.8, with increased Reynolds number which in turn

increase with increased velocities as the engine speed is increased.
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Figure 4.4: Kinetic Energy Variation In Tubes at 2500 rpm
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Figure 4.5: Connectors’ Kinetic Energy Variation with Velocity

This is synonymous with what has been reported in Figure 4.7. Frictional head loss in
tubes were comparatively low relative to those reported for connectors. At the optimal
engine operation speed of 2500 rpm, coinciding with a Reynolds number of 1368, tube
number one had the lowest value of frictional head loss at 0.00055 m and tube number
six had the highest value reported at 0.00225 m. The two tubes were 14.2 m apart with
tube number one being 4.6 m away from the exhaust manifold and tube number six at

18.8 m away for similar comparison.
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Figure 4.6: Tubes’ Kinetic Energy Variation with Velocity
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4.2 Development of the Hybrid Recuperative Heat Exchanger and Performance

Evaluation Using Experimental Temperature and Moisture Evaporation Data

A labeled portion of the developed heat exchanger is shown in Figure 4.10. The percent
internal uncertainty for experimental measurements of relative humidity (y) was 4.1%
and 17.5% for temperature (T') observations. The approximation based on linearization
of partial vapour pressure over temperature ranges between 25-55°C gave results of
the constants G, as 397.53 and G, as 7926.9 with an R? of 0.9683. The results of linear
regression analysis for the values of y and x in Equation (3.87) which correspond to
Equation (3.86) show that with an R? of 0.9854, the constants C and n were obtained
as 0.2183 and 0.2927 respectively.

89



@ 5cm
socket

P5cm

®5cm connector

socket

@39 cm

@ 5cm airtight tube
connector
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The constants C and n were considered further for obtaining the values of convective
heat transfer coefficients which were then used to evaluate the evaporative heat
transfer coefficients and the results plotted in Figure 4.11. It can be observed from
Figure 4.11 that the values of convective heat transfer coefficients (h;) range between
2.48 and 2.55 W/m?-°C and those of evaporative heat transfer coefficients (h,) are
between 0.95 and 36.81 W/m?2-°C for the considered drying period.

The percent variation ranged between 0.4 and 2.8% in convective heat transfer
coefficients when the minimum value of (h;) was compared with the others. In both
cases, the minimum values of heat transfers were obtained for the time interval of one
hour after drying had commenced. The maximum values were observed after 6 hours
of drying time for evaporative heat transfer coefficients and 8 hours for convective

heat transfer coefficients.
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Figure 4.11: Variation of Heat Transfer Coefficients with Drying Time for Black
Nightshade Seeds

4.2.1 Solar Drying Mode

Experimental and predicted results of changes in evaporated moisture, greenhouse
dryer air temperature, black nightshade seeds temperature, and air relative humidity
which all occur simultaneously to make drying a continuous process are summarized
in Table A.10. The results of moisture evaporated (experimental and predicted) and
relative humidity are plotted in Figure 4.12 from which the model’s performance based
on RMSE was found as 0.6455. The rate of heat utilized for solar mode of drying
ranged from 37 to 683 J/m?-s and peaked after 8 hours of drying when convective heat
transfer coefficient was 2.55 W/m?-°C and evaporative heat transfer coefficient was
18.29 W/m?-°C.

Moisture evaporated and relative humidity decreased with increasing drying time. In
Figure 4.12 relative humidity increased with increasing drying time after 8 hours of
drying. Residual plots of predicted moisture evaporated are shown in Figure 4.13 with
five positive data points, one on the residual equal to zero line, and six are observed
on the negative side. A correlation coefficient of 0.9999 was obtained for predicted
versus experimental moisture evaporated shown in Figure 4.14. From a two-tailed t-

test of two samples while assuming equal variances at 0.05 level of significance,
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experimental moisture evaporated data had a mean of 4.18 g when the predicted had a
mean of 3.87 g (t.q;c = 0.9080, t.;; = 2.0860). Thus, there was enough evidence to
retain the null hypotheses that there is no difference in the means between predicted
and experimental observations of moisture evaporated and it was concluded with 95%
confidence that the model is useful in predicting moisture evaporated from black
nightshade seeds. The solver converged to a solution after all the constraints were
satisfied with iterations performed for which the objective function (minimum sums
of squares of residuals) did not move significantly. From the iterations performed, the

model parameters 2,, 24, 2,, 23, 2,, and (25 were quantified.
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Figure 4.12: Moisture Evaporated and Relative Humidity in Solar Mode of
Drying
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The experimental and predicted black nightshade seeds temperatures against drying
time are plotted in Figure 4.15 from which the results of the model’s performance
based on RMSE was found as 2.1409. The plot shows that there is an increasing
nonlinear relationship between drying time and black nightshade seeds temperature
for the first eight hours of drying and thereafter, a decreasing nonlinear relationship is
observed for the rest of the drying period. The corresponding residual versus fits plot
for the data set with black nightshade seeds temperature as the response and drying
time as the predictor is shown in Figure 4.16. The residual plots show nonlinearity and
an indication of cyclic behaviour. Figure 4.17 is a goodness of fit plot of the predicted
temperatures against experimental observations which show a correlation coefficient
of 0.9936.

The predicted black nightshade seeds temperature show agreement with experimental
observations and from Figure 4.16, none of the data points fell directly on the residual
equal to zero line. The residuals depart from the zero line in a systematic manner with
most of the data points concentrated between 30 and 60°C and are positive for five
values and negative for seven values. From a two-tailed t-test of two samples while
assuming equal variances at 0.05 level of significance, experimental black nightshade
temperature data had a mean of 38.56°C when the predicted data had a mean of
38.75°C (tsqic = 0.9745, t iy = 2.0739). Thus, there was enough evidence to retain
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the null hypotheses that there is no difference in the means between predicted and
experimental observations of black nightshade seeds temperatures and it was
concluded with 95% confidence that the model is useful in predicting the temperature
of the seeds. Model parameters &, ¢;, and &, were quantified to show the main effects
of screening and characterizing black nightshade seeds temperature prediction model.
The model parameters &; quantified the interaction (cross product) term between
drying time and experimental temperature data, &, quantified the first leading term
with the second degree on drying time factor, s quantified the second order term
corresponding to black nightshade seeds experimental temperature and @ was the
random error term that accounted for experimental error in the system. Experimental
and predicted greenhouse dryer room air temperatures against drying times are plotted
in Figure 4.18 from which the results of the model’s performance based on RMSE was

found as 2.1257.
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Figure 4.15: Black Nightshade Seeds Temperature and Relative Humidity in
Solar Mode of Drying

The plot shows that there is an increasing nonlinear relationship between drying time
and greenhouse dryer room air temperature for the first eight hours of drying and
thereafter, a decreasing nonlinear relationship is observed for the rest of the drying
period. The corresponding residual plot of greenhouse dryer room air predicted

temperature is shown in Figure 4.19.
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Figure 4.17: Correlation between Predicted and Experimental Black Nightshade

Seeds Temperature in Solar Mode of Drying

The plot show nonlinearity and indication of cyclic behaviour. Observations from
Figure 4.20 show a correlation coefficient of 0.9873. With reference to Figure 4.19,
none of the data points fell directly on the residual equal to zero line. The residuals
depart from the zero line in a systematic manner with most of the positive data points
concentrated between 35 and 60°C. A two-tailed t-test of two samples while assuming
equal variances at 0.05 level of significance, show that both predicted and
experimental greenhouse dryer room air temperature data had an equal mean 0f41.6°C

(tcaic = 0.9993, t..iy = 2.0739). Thus, there was enough evidence to retain the null
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hypotheses that there is no difference in the means between predicted and experimental
observations of greenhouse dryer room air temperatures and it was concluded with
95% confidence that the model is useful in predicting room air temperature of the
greenhouse dryer. From iterations, the model parameters {,, {;, and ¢, were quantified
to show the main effects of screening and characterizing the greenhouse dryer room
air temperature prediction model. The model parameters {5 quantified the interaction
(cross product) term between drying time and experimental temperature data, {,
quantified the first leading term with the second degree on drying time factor, (s
quantified the second order term corresponding to greenhouse dryer room air
experimental temperature and o was the random error term that accounted for the

experimental error in the system.
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Figure 4.18: Greenhouse Dryer Room Air Temperature and Relative Humidity
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4.2.2 Heat Exchanger Performance in Solar-Exhaust Gas Mode of Drying

To analyse heat exchanger performance, Figure 4.21 illustrates the comparison of
drying time between solar and solar-exhaust gas modes of drying. The heat exchanger
provided additional heat energy for quicker drying of black nightshade seeds. Drying
took 10 hours in solar-exhaust gas mode as compared to 11 hours in solar mode of

drying. Temperature and relative humidity variations during the experiment are
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presented in Figure 4.22. In solar mode of drying, temperature inside the dryer ranged
between 14.82 and 58.46°C. In solar-exhaust gas mode of drying, the range was
observed from 34.49 to 61.97°C.

The heat exchanger raised the dryer temperature by an average of 11.78°C when
temperature differences between inside and outside were compared in solar-exhaust
gas mode of drying. In Figure 4.22, the lowest temperature difference between inside
and outside the dryer, was observed on the 4" hour of drying as 4.28°C. The highest
temperature difference of 21.25°C was observed on the 2" and 3" hours of drying. In
summary, temperatures inside the dryer were higher than the corresponding outside
temperatures throughout the drying period because the cover material used in the dryer
harnessed solar energy to raise the temperature while at the same time heat energy
recovered from exhaust gas of a diesel engine kept the temperatures high. Inside
relative humidity was low as compared to the outside relative humidity for the first
four hours of dying. The combination of high temperature and low relative humidity
in a dryer increased the ability of drying air to carry away moisture. Table A.11is a
summary of experimental and predicted results of changes in evaporated moisture,
greenhouse dryer room air temperature, black nightshade seeds temperature, and air

relative humidity in solar-exhaust gas mode of drying.

The results of moisture evaporated (experimental and predicted) and relative humidity
are plotted in Figure 4.23 from which the model’s performance based on RMSE was
found to be 0.5186. The rate of heat utilized for solar-exhaust gas mode of drying
ranged from 40.49 to 685.94 J/m2s and peaked after 8 hours of drying when
convective heat transfer coefficient for black nightshade seeds was 2.55 W/m2.°C and
evaporative heat transfer coefficient was 18.29 W/m2.°C. Moisture evaporated and

relative humidity decreased with increasing drying time.

98



—o— Solar mode —= Solar-exhaust gas mode

1.2

2

IS

L

>

7]

S

=
M —_——
8 10

Drying time (hours)

Figure 4.21: Drying Time Comparison between Solar and Solar-Exhaust Gas

Modes of Drying

Residual plots of predicted moisture evaporated are illustrated in Figure 4.24 with five
positive data points, and six clustered on residual equal to zero line. A correlation
coefficient of one was obtained for predicted versus experimental moisture evaporated
as shown in Figure 4.25. From a two-tailed t-test of two samples while assuming equal
variances at 0.05 level of significance, experimental moisture evaporated data had a
mean of 3.93 g when the predicted had a mean of 3.66 g (t.4; = 0.9106, t iy =
2.1001). Thus, there was enough evidence to retain the null hypotheses that there is
no difference in the means between predicted and experimental observations of
moisture evaporated and it was concluded with 95% confidence that the model is
useful in predicting moisture evaporated from black nightshade seeds. The solver
converged to a solution after all the constraints were satisfied with iterations performed
for which the objective function (minimum sums of squares of residuals) did not move
significantly. From the iterations performed, the model parameters 2, 24, 2,, 25, 2,,

and (25 were quantified for solar-exhaust gas mode of drying.
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Evaporated in Solar-Exhaust Gas Mode of Drying

The experimental and predicted black nightshade seeds temperatures against drying
time are plotted in Figure 4.26 from which the results of the model’s performance

based on RMSE was found as 1.9524. The plot shows that there is an increasing

101



nonlinear relationship between drying time and black nightshade seeds temperature
for the first eight hours of drying and thereafter, a decreasing nonlinear relationship is
observed for the rest of the drying period. The corresponding residual versus fits plot
for the data set with black nightshade seeds temperature as the response and drying
time as the predictor is shown in Figure 4.27. The residual plots show nonlinearity and
an indication of cyclic behaviour. Figure 4.28 is a goodness of fit plot of the predicted
temperatures against experimental observations which show a correlation coefficient
of 0.9947. The predicted black nightshade seeds temperature show agreement with
experimental observations and from Figure 4.27, none of the data points fell directly
on the residual equal to zero line. The residuals depart from the zero line in a systematic
manner with most of the data points concentrated between 45 and 60°C and are positive
for six values and negative for five values. From a two-tailed t-test of two samples
while assuming equal variances at 0.05 level of significance, experimental black
nightshade seeds temperature data had a mean of 53.48°C when the predicted data had
amean of 53.03°C (t.q;c = 0.9142, t.;; = 2.0860). Thus, there was enough evidence
to retain the null hypotheses that there is no difference in the means between predicted
and experimental observations of black nightshade seeds temperatures and it was
concluded with 95% confidence that the model is useful in predicting the temperature
of the seeds. Model parameters &, ¢;, and &, were quantified to show the main effects
of screening and characterizing black nightshade seeds temperature prediction model.
The model parameters &; quantified the interaction (cross product) term between
drying time and experimental temperature data, &, quantified the first leading term
with the second degree on drying time factor, s quantified the second order term
corresponding to black nightshade seeds experimental temperature and @ was the
random error term that accounted for experimental error in the system. Experimental
and predicted greenhouse dryer room air temperatures against drying time are plotted
in Figure 4.29 from which the results of the model’s performance based on RMSE was

found as 1.7836.
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Figure 4.27: Residual Plots of Black Nightshade Seeds Predicted Temperature in
Solar-Exhaust Gas Mode of Drying

The plot shows that there is an increasing nonlinear relationship between drying time
and greenhouse dryer room air temperature for the first eight hours of drying and
thereafter, a decreasing nonlinear relationship is observed for the rest of the drying
period. The corresponding residual plot of greenhouse dryer room air predicted
temperature is shown in Figure 4.30. The plot show nonlinearity and indication of
cyclic behaviour. Observations from Figure 4.31 show a correlation coefficient of
0.9967. With reference to Figure 4.30, none of the data points fell directly on the
residual equal to zero line. The residuals depart from the zero line in a systematic

manner with most of the data points concentrated between 45 and 60°C. Seven data
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points are positive while four are negative. A two-tailed t-test of two samples while
assuming equal variances at 0.05 level of significance, show that experimental and
predicted greenhouse dryer room air temperature data had means of 53.19°C and

52.21°C, respectively (toqe = 0.8103, topi = 2.0860).

g o o
a o o
Pyl
N
1
©
©
©
©
o
]
L 4

(o)
o

N
o
®

w
ol

Predicted temperature (°C)
S
(62}

N W
(62 e}

30 35 40 45 50 55 60

Experimental temperature (°C)

Figure 4.28: Correlation between Predicted and Experimental Black Nightshade

Seeds Temperature in Solar-Exhaust Gas Mode of Drying

Thus, there was enough evidence to retain the null hypotheses that there is no
difference in the means between predicted and experimental observations of
greenhouse dryer room air temperatures and it was concluded with 95% confidence
that the model is useful in predicting room air temperature of the greenhouse dryer.
Lad et al. (2023) successfully and efficiently maintained drying chamber temperature
between 50 and 55°C in an indirect solar dryer for food quality preservation when

phase change material was used.

Lad et al. (2023) further reported average solar radiation of 660 W/m?, average day
temperature of 40°C and average night temperatures of 30°C which are consistent with
the findings of the current study done in Kenya—a region with tropical climatic
conditions characterized by high temperature and direct sunlight. From iterations, the
model parameters {,, {;, and ¢, were quantified to show the main effects of screening

and characterizing the greenhouse dryer room air temperature prediction model.
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Figure 4.30: Residual Plots of Greenhouse Dryer Room Air Predicted
Temperature in Solar-Exhaust Gas Mode of Drying

The model parameters {; quantified the interaction (cross product) term between
drying time and experimental temperature data, ¢, quantified the first leading term
with the second degree on drying time factor, {s quantified the second order term
corresponding to greenhouse dryer room air experimental temperature and o was the

random error term that accounted for the experimental error in the system.
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4.2.3 Heat Exchanger Performance in Exhaust Gas Mode of Drying

Comparison of drying time for solar, solar exhaust gas, and exhaust gas modes of
drying is illustrated in Figure 4.32. The heat exchanger provided the required heat
energy to dry black nightshade seeds in 14 hours in exhaust gas mode of drying.
Referring to Figure 4.33 and considering outside and inside temperatures of this mode
of drying, the average hourly rise in temperature inside the dryer was 8.04°C with a
minimum rise of 3.7°C and a maximum of 9.41°C when exhaust gas was utilized to
provide heat energy. Heat energy recovered from exhaust gas of a diesel engine kept
the temperatures inside the dryer higher than outside. However, relative humidity
inside the dryer were higher than those outside because water vapour from the open
cooling system of a diesel engine kept the dryer moist. In a study by Ndirangu et al.
(2020), the system performance of a developed multipurpose solar-biomass
greenhouse dryer improved when solar energy was backed up with biomass energy.
The drying increased by about 18 to 19% using the solar-biomass mode compared to
both natural and forced convection modes. In conclusion, the authors recommended
more tests to be undertaken to fully analyze the dryer’s performance, especially in

optimizing additional heat energy to achieve desired temperatures.

Table A.12 is a summary of experimental and predicted results of changes in
evaporated moisture, greenhouse dryer room air temperature, black nightshade seeds

temperature, and air relative humidity in exhaust gas mode of drying. The results of
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moisture evaporated (experimental and predicted) and relative humidity are plotted in
Figure 4.34 from which the model’s performance based on RMSE was found as
0.2453. The rate of heat utilized for exhaust gas mode of drying ranged from 21.69 to
668.11 J/m?-s and peaked after 8 hours of drying when convective heat transfer
coefficient was 2.55 W/m?-°C and evaporative heat transfer coefficient was 18.29
W/m?-°C. Moisture evaporated and relative humidity decreased with increasing drying
time. Residual plots of predicted moisture evaporated are shown in Figure 4.35 with
all the 15 data points observed as negative. A correlation coefficient of 0.9999 was
obtained for predicted versus experimental moisture evaporated shown in Figure 4.36.
From a two-tailed t-test of two samples while assuming equal variances at 0.05 level
of significance, experimental moisture evaporated data had a mean of 3.47 g when the

predicted had a mean of 3.67 g (t.q;c = 0.9333, t iy = 2.0556).
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Figure 4.32: Drying Time Comparison for Solar, Solar-Exhaust Gas, and Exhaust

Gas Modes of Drying

Thus, there was enough evidence to retain the null hypotheses that there is no
difference in the means between predicted and experimental observations of moisture
evaporated and it was concluded with 95% confidence that the model is useful in
predicting moisture evaporated from black nightshade seeds. From the iterations
performed, the model parameters Q,, 2,, 02,, 05, 0,, and 25 were quantified for
exhaust gas mode of drying. The experimental and predicted black nightshade seeds
temperatures against drying time are plotted in Figure 4.37 from which the results of
the model’s performance based on RMSE was found as 0.4859. The plot shows that

there is an increasing nonlinear relationship between drying time and black nightshade
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seeds temperature for the first eight hours of drying and thereafter, a decreasing

nonlinear relationship is observed for the rest of the drying period.
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of Drying

The corresponding residual versus fits plot for the data set with black nightshade seeds

temperature as the response and drying time as the predictor is shown in Figure 4.38.

The residual plots show nonlinearity and an indication of cyclic behaviour. Figure 4.39

is a goodness of fit plot of the predicted temperatures against experimental

observations which show a correlation coefficient of 0.9620.
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The predicted black nightshade seeds temperature show agreement with experimental
observations and from Figure 4.38, none of the data points fell directly on the residual
equal to zero line. The residuals depart from the zero line in a systematic manner with
most of the data points concentrated between 27 and 30°C and are positive for ten
values and negative for five values. From a two-tailed t-test of two samples while
assuming equal variances at 0.05 level of significance, experimental black nightshade
seeds temperature data had a mean of 29.33°C when the predicted data had a mean of
29.15°C (tcqie = 0.7537, t.ir = 2.0484). Thus, there was enough evidence to retain
the null hypotheses that there is no difference in the means between predicted and
experimental observations of black nightshade seeds temperatures and it was

concluded with 95% confidence that the model is useful in predicting the temperature

109

25



of the seeds. Model parameters &, ;, and &, were quantified to show the main effects
of screening and characterizing black nightshade seeds temperature prediction model.
The model parameters &; quantified the interaction (cross product) term between
drying time and experimental temperature data, &, quantified the first leading term
with the second degree on drying time factor, s quantified the second order term
corresponding to black nightshade seeds experimental temperature data and @ was the

random error term that accounted for experimental error in the system.

Experimental and predicted greenhouse dryer room air temperatures against drying
time are plotted in Figure 4.40 from which the results of the model’s performance
based on RMSE was found as 0.3392. The plot shows that there is an increasing
nonlinear relationship between drying time and greenhouse dryer room air temperature
for the first eight hours of drying and thereafter, a decreasing nonlinear relationship is
observed for the rest of the drying period. The corresponding residual plot of
greenhouse dryer room air predicted temperature is shown in Figure 4.41. The plot
show nonlinearity and indication of cyclic behaviour. Observations from Figure 4.42
show a correlation coefficient of 0.9925. With reference to Figure 4.41, none of the
data points fell directly on the residual equal to zero line. The residuals depart from
the zero line in a systematic manner with most of the data points concentrated between
28 and 31°C. Two data points are positive while 14 are negative. A two-tailed t-test of
two samples while assuming equal variances at 0.05 level of significance, show that
experimental and predicted greenhouse dryer room air temperature data had means of
28.85°C and 29.1°C, respectively (toqic = 0.632, t..iy = 2.048). Thus, there was
enough evidence to retain the null hypotheses that there is no difference in the means
between predicted and experimental observations of greenhouse dryer room air
temperatures and it was concluded with 95% confidence that the model is useful in

predicting room air temperature of the greenhouse dryer.
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From iterations, the model parameters {,, {;, and ¢, were quantified to show the main
effects of screening and characterizing the greenhouse dryer room air temperature
prediction model. The model parameters {5 quantified the interaction (cross product)
term between drying time and experimental temperature data, {, quantified the first
leading term with the second degree on drying time factor, {5 quantified the second
order term corresponding to greenhouse dryer room air experimental temperature and

o was the random error term that accounted for the experimental error in the system.
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Figure 4.40: Greenhouse Dryer Room Air Temperature and Relative Humidity
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4.2.4 Summary of Model Parameters

A summary of the model parameters estimated from experimental data responses,
random error term that accounts for experimental inaccuracies in the system and
RMSE that measures the mean difference values predicted by the models and the
actual values are given in Table A.13 (Appendix A). The data was used to show how

the models performed in the three drying modes.

4.3 Evaluation of the Thin Layer Drying Models for Simulating Drying Kinetics
of Black Nightshade Seeds

Three sets of experiments were conducted by varying the drying modes—solar, solar-
exhaust gas, and exhaust gas. In solar mode, Table A.14 summarizes the data for the
average hourly relative humidities, and temperatures—Dboth inside and outside the
dryer. Figure 4.43 is a plot of variations of the parameters in Table A.14 with drying
time of black nightshade seeds. From Figure 4.43 temperatures inside the dryer were
higher than the corresponding outside temperatures throughout the drying period and
this is because the cover material used in the dryer harnessed solar energy to keep the

temperatures high. Previous authors (Kiburi et al., 2020b; Ronoh et al., 2020; Kiburi
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et al., 2017; Ronoh et al., 2012; Ozbek and Dadali, 2007) have reported that a
combination of high temperature and low relative humidity in a dryer can increase the
ability of drying air to perform well. In this mode, the temperature inside the dryer was

observed to be high when the relative humidity inside the dryer was low.
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Figure 4.43: Variations of Dryer Parameters with Drying Time in Solar Mode

This phenomenon occurred as illustrated in Figure 4.43 for the drying time between 2-
11 hours. In solar-exhaust gas mode, Table A.15 summarizes the data for the average
hourly relative humidities, and temperatures both inside and outside the dryer. Figure
4.22 is a plot of variations of the parameters in Table A.15 with drying time of black
nightshade seeds. From Figure 4.22 temperatures inside the dryer were higher than the
corresponding outside temperatures throughout the drying period and this is because
the cover material used in the dryer harnessed solar energy to raise the temperature
while at the same time heat energy recovered from exhaust gas of a diesel engine kept
the temperatures high. Inside relative humidity was low as compared to the outside
relative humidity for the first four hours of dying. It is within these hours that fast rate
of moisture loss from the product were observed (Figure 4.45; Figure 4.32). The
relative humidity trend for the remaining hours of drying showed relative equality but
were still low for the drying air to be effective in drying a combination of high
temperature and low relative humidity in a dryer can increase the ability of drying air
to carry away moisture. In summary, for this mode, the temperature inside the dryer
was observed to be high when the relative humidity inside the dryer was low as
illustrated in Figure 4.22 for the entire drying period. In exhaust gas mode, Table A.16
summarizes the data for the average hourly relative humidities, and temperatures both
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inside and outside the dryer. Figure 4.33 is a plot of variations of the parameters in
Table A.16 with drying time of black nightshade seeds.

From Figure 4.33 temperatures inside the dryer were higher than the corresponding
outside temperatures throughout the drying period and this is because heat energy
recovered from exhaust gas of a diesel engine kept the temperatures high. However,
relative humidity inside the dryer were higher than those outside because water vapour
from the open cooling system of a diesel engine kept the dryer moist. Increase in
relative humidity inside the dryer was not suitable for quick drying, therefore, the
drying period for the mode was 14 hours, a longer period as compared to solar-exhaust
gas drying mode where the product was dried in 10 hours (Figure 4.32). With reference
to the outside and inside temperatures of this mode of drying, the average hourly rise
in temperature inside the dryer was 8.04°C with a minimum rise of 3.7°C and a

maximum of 9.41°C when exhaust gas was utilized to provide heat energy.

The results of mass change of black nightshade seeds with time are presented in Tables
A.17, A.18 and A.19 for the corresponding drying modes. Figures 4.44, 4.45 and 4.46
illustrate the results of variation of moisture content and drying rate with drying time
of black nightshade seeds during solar, solar-exhaust gas, and exhaust gas modes of
drying respectively. Fast rates of moisture loss were observed within the first four
hours and thereafter the rates slowed down. Similar trends of drying rates have been
observed by Ronoh et al., (2020) who reported that the drying process can be divided
into three periods: a short primary increasing, a fairly constant and a falling drying
rate. From Figures 4.44 to 4.46 it can be observed that the falling rate period clearly
dominated the drying process of black nightshade seeds. Such a dominant falling rate
period is attributed to diffusion mechanisms that control drying of agricultural
produce. Continuous decrease in drying rate with decreasing moisture content—
increasing drying time—was observed in all the drying modes. Similar observations
have been reported by authors who have previously dried agricultural produce (Kiburi
et al., 2020b; Ronoh et al., 2020; Kiburi et al., 2017; Olanipekun et al., 2015; Ronoh
et al., 2012; Chowdhury et al., 2011).
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Figure 4.44: Moisture Content and Drying Rate Variations with Drying Time in
Solar Mode

Figure 4.32 illustrates the comparison of drying time for the three modes of drying.
Moisture ratio variation with time show that the solar-exhaust gas mode of drying took
the shortest time at 10 hours. This was followed by solar mode of drying at 11 hours
and finally exhaust gas mode of drying took the longest at 14 hours. These drying
times can be explained by the relative humidity and temperature variations, inside and
outside the dryer, with time as presented in Tables A.14 to A.16 and illustrated in
Figures 4.43, 4.22 and 4.33. Tables 4.1, 4.2 and 4.3 show the coefficients, constants
and RMSE values for thin layer drying models selected for this work in solar, solar-
exhaust gas, and exhaust gas modes respectively. From Table 4.1, it can be observed
that Page model with the lowest RMSE value was the most appropriate in describing
drying kinetics of black nightshade seeds when the dryer was operated on solar mode.
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Figure 4.45: Moisture Content and Drying Rate Variations with Drying Time in
Solar-Exhaust Gas Mode
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Figure 4.46: Moisture Content and Drying Rate Variations with Drying Time in
Exhaust Gas Mode

Similar results for suitability of Page model in characterizing agricultural produce have
been reported during thin layer drying studies of various food materials, including
jackfruit slices (Ronoh et al., 2020), tomato slices (Oyerinde, 2016), pineapple
(Olanipekun et al., 2015), banana (Da Silva et al., 2014), chili (Tunde-Akintunde,
2011), rapeseed (Han & Keum, 2011), amaranth (Ronoh et al., 2009), sultana grapes
(Yaldiz et al.,, 2001). From Table 4.2, in solar-exhaust gas mode of drying,
Logarithmic model had the lowest value of RMSE compared to the other three thin
layer drying models. Accordingly, Logarithmic model was selected to best
characterize the thin layer drying of black nightshade seeds in the mode. Similarly,
from Table 4.3, in exhaust gas mode Logarithmic model with the lowest RMSE value
was the most appropriate in describing the drying kinetics of the seeds. Tables A.20,
A.21 and A.22 show the experimental and predicted moisture ratios by thin layer
drying models selected for this work in solar, solar-exhaust gas, and exhaust gas modes
respectively. Figure 4.47 illustrates the Newton model fitting to experimental data in
solar mode of drying while Figure 4.48 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in solar

mode of drying.
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Table 4.1: Thin Layer Drying Models’ Coefficients, Constants and RMSE for
Solar Mode

Model Coefficients and Constants R? RMSE

Newton k =0.2478 0.9982 0.01329
Page k =0.2319, n = 1.0435 0.9985 0.01147
Logarithmic k.=0.2539,a=1.0104,c=0.0042  0.9982 0.01235
Henderson and Pabis  k =0.2512, a=1.0133 0.9982 0.01240

From Figure 4.48, considering a band width of +£0.015, Newton model had 8 out of
the possible 12 data points for the predicted moisture ratio close to the residual line.
Out of 12 predicted data points, 1 fell directly on the residual line. However, for this
model, out of the four thin layer drying models considered in this mode of drying, it

was fourth in performance.

Table 4.2: Thin Layer Drying Models’ Coefficients, Constants and RMSE for
Solar-Exhaust Gas Mode

Model Coefficients and Constants R? RMSE
Newton k =0.4354 0.9937  0.0293
Page k =0.5057, n = 0.8586 0.9943  0.0221
Logarithmic k =0.4949, a = 0.9502, c = 0.0444 0.9964 0.0172
Henderson and

Pabis k =0.4256,a =0.9777 0.9926  0.0284

Figure 4.49 illustrates the Page model fitting to experimental data in solar mode of
drying while Figure 4.50 shows the residual plots as a variation with the model’s
predictions. Residual plots were performed to show the model’s appropriateness in
describing drying kinetics of black nightshade seeds in solar mode of drying. Unlike
other thin layer drying models considered in this mode, Page model, from Figure 4.50,
had 10 out of the possible 12 predicted data points for moisture ratio close to the
residual line within a band width of £0.015. Out of the 12 predicted data points, 2 fell

directly on the residual line, therefore, this model was the most appropriate in
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describing thin layer drying of black nightshade seeds when drying was performed in
solar mode.

Table 4.3: Thin Layer Drying Models’ Coefficients, Constants and RMSE for
Exhaust Gas Mode

Model Coefficients and Constants R? RMSE
Newton k=0.1748 0.9914 0.0273
Page k =0.1653, n =1.0305 0.9914 0.0269
Logarithmic k =0.2011, a=1.0001, c = 0.0423 0.9933 0.0232
Henderson and Pabis k =0.1802, a=1.0285 0.9921 0.0254
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Figure 4.47: Newton Model Fitting to Experimental Data in Solar Mode of Drying
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Figure 4.50: Page Model Predictions and Residual Plots in Solar Mode of Drying

Figure 4.51 illustrates Logarithmic model fitting to experimental data in solar mode of
drying while Figure 4.52 shows the residual plots as a variation with the model’s
predictions. Residual plots were performed to show the model’s appropriateness in
describing the drying kinetics of black nightshade seeds in solar mode of drying. From
Figure 4.52, considering a band width of +0.015, Logarithmic model had 9 out of the
possible 12 data points for the predicted moisture ratio close to the residual line. Out
of 12 predicted data points, none fell directly on the residual line. However, for this
model, out of the four thin layer drying models considered in this mode of drying, it

was second in performance.
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Figure 4.51: Logarithmic Model Fitting to Experimental Data in Solar Mode of
Drying

Figure 4.53 illustrates Henderson and Pabis model fitting to experimental data in solar
mode of drying while Figure 4.54 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in solar
mode of drying. From Figure 4.54 the performance of Henderson and Pabis was almost
similar to Logarithmic model when the product was dried in solar mode. Considering
a band width of +0.015, Henderson and Pabis model had 9 out of the possible 12 data
points for the predicted moisture ratio close to the residual line. Out of 12 predicted
data points, none fell directly on the residual line. However, for this model, out of the
four thin layer drying models considered in this mode of drying, it was third in

performance.
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Figure 4.52: Logarithmic Model Predictions and Residual Plots in Solar Mode of
Drying
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Figure 4.54: Henderson and Pabis Model Predictions and Residual Plots in Solar

Mode of Drying

Figure 4.55 illustrates Newton model fitting to experimental data in solar-exhaust gas
mode of drying while Figure 4.56 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in solar-
exhaust gas mode of drying. From Figure 4.56, considering a band width of +0.015,
Newton model had 6 out of the possible 11 data points for the predicted moisture ratio
close to the residual line. Out of 11 predicted data points, 1 fell directly on the residual
line. However, for this model, out of the four thin layer drying models considered in
this mode of drying, it was fourth in performance because 4 out of 11 of the predicted

values were outside the band width of +0.03.
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Figure 4.57 illustrates Page model fitting to experimental data in solar-exhaust gas
mode of drying while Figure 4.58 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing drying kinetics of black nightshade seeds in solar-
exhaust gas mode of drying. From Figure 4.58, considering a band width of +0.015,
Page model had 4 out of the possible 11 data points for the predicted moisture ratio
close to the residual line. Out of 11 predicted data points, 1 fell directly on the residual
line. However, for this model, out of the four thin layer drying models considered in
this mode of drying, it was second in performance because 2 out of 11 of the predicted

values were outside the band width of +0.03.
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Figure 4.55: Newton Model Fitting to Experimental Data in Solar-Exhaust Gas
Mode of Drying
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Figure 4.56: Newton Model Predictions and Residual Plots in Solar-Exhaust Gas

Mode of Drying
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Figure 4.57: Page Model Fitting to Experimental Data in Solar-Exhaust Gas
Mode of Drying
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Figure 4.58: Page Model Predictions and Residual Plots in Solar-Exhaust Gas
Mode of Drying

Figure 4.59 illustrates Logarithmic model fitting to experimental data in solar-exhaust
gas mode of drying while Figure 4.60 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in solar-
exhaust gas mode of drying. Unlike other thin layer drying models considered in this
mode, Logarithmic model, from Figure 4.60, had 6 out of the possible 11 predicted

data points for moisture ratio close to the residual line within a band width of +0.015.
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Out of the 11 predicted data points, none fell directly on the residual line, however,
this model was the most appropriate in describing thin layer drying of black nightshade
seeds when drying was performed in solar-exhaust mode because none out of 11 of the

predicted values were outside the band width of +0.03.
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Figure 4.59: Logarithmic Model Fitting to Experimental Data in Solar-Exhaust
Gas Mode of Drying
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Figure 4.60: Logarithmic Model Predictions and Residual Plots in Solar-Exhaust
Gas Mode of Drying

Figure 4.61 illustrates Henderson and Pabis model fitting to experimental data in solar-
exhaust gas mode of drying while Figure 4.62 shows the residual plots as a variation
with the model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in solar-
exhaust gas mode of drying. From Figure 4.62, considering a band width of +0.015,
Henderson and Pabis model had 5 out of the possible 11 data points for the predicted

moisture ratio close to the residual line.
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Out of 11 predicted data points, 1 fell directly on the residual line. However, for this
model, out of the four thin layer drying models considered in this mode of drying, it
was third in performance because 4 out of 11 of the predicted values were outside the
band width of +0.03. Figure 4.63 illustrates the Newton model fitting to experimental
data in exhaust gas mode of drying while Figure 4.64 shows the residual plots as a
variation with the model’s predictions. Residual plots were performed to show the
model’s appropriateness in describing the drying kinetics of black nightshade seeds in
exhaust gas mode of drying. From Figure 4.64, considering a band width of +0.015,
Newton model had 6 out of the possible 15 data points for the predicted moisture ratio
close to the residual line. Out of 15 predicted data points, 2 fell directly on the residual

line.
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Figure 4.61: Henderson and Pabis Model Fitting to Experimental Data in Solar-
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Figure 4.62: Henderson and Pabis Model Predictions and Residual Plots in Solar-
Exhaust Gas Mode of Drying
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Figure 4.63: Newton Model Fitting to Experimental Data in Exhaust Gas Mode
of Drying
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Figure 4.64: Newton Model Predictions and Residual Plots in Exhaust Gas Mode
of Drying

However, for this model, out of the four thin layer drying models considered in this
mode of drying, it was fourth in performance because 3 out of 15 of the predicted
values were outside the band width of +0.03. Figure 4.65 illustrates the Page model
fitting to experimental data in exhaust gas mode of drying while Figure 4.66 shows the
residual plots as a variation with the model’s predictions. Residual plots were
performed to show the model’s appropriateness in describing the drying kinetics of

black nightshade seeds in exhaust gas mode of drying. This model performed almost
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similar to Newton model based on the residual plots. From Figure 4.64, considering a
band width of +0.015, Page model had 6 out of the possible 15 data points for the
predicted moisture ratio close to the residual line. Out of 15 predicted data points, 2
fell directly on the residual line. However, for this model, out of the four thin layer
drying models considered in this mode of drying, it was third in performance because

3 out of 15 of the predicted values were outside the band width of +0.03.
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Figure 4.65: Page Model Fitting to Experimental Data in Exhaust Gas Mode of
Drying
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Figure 4.66: Page Model Predictions and Residual Plots in Exhaust Gas Mode of
Drying

Figure 4.67 illustrates Logarithmic model fitting to experimental data in exhaust gas
mode of drying while Figure 4.68 shows the residual plots as a variation with the
model’s predictions. Residual plots were performed to show the model’s
appropriateness in describing the drying kinetics of black nightshade seeds in exhaust

gas mode of drying. Unlike other thin layer drying models considered in this mode,
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Logarithmic model, from Figure 4.68, had 8 out of the possible 15 predicted data
points for moisture ratio close to the residual line within a band width of +0.015. Out
of the 15 predicted data points, none fell directly on the residual line, however, this
model was the most appropriate in describing thin layer drying of black nightshade
seeds when drying was performed in exhaust mode because 2 out of 15 of the predicted
values were outside the band width of +0.03. Figure 4.69 illustrates Henderson and
Pabis model fitting to experimental data in exhaust gas mode of drying while Figure
4.70 shows the residual plots as a variation with the model’s predictions. Residual plots
were performed to show the model’s appropriateness in describing the drying kinetics

of black nightshade seeds in exhaust gas mode of drying.
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Figure 4.67: Logarithmic Model Fitting to Experimental Data in Exhaust Gas
Mode of Drying
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Figure 4.68: Logarithmic Model Predictions and Residual Plots in Exhaust Gas
Mode of Drying

From Figure 4.70, considering a band width of +0.015, Page model had 5 out of the

possible 15 data points for the predicted moisture ratio close to the residual line. Out
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of 15 predicted data points, none fell directly on the residual line. However, for this
model, out of the four thin layer drying models considered in this mode of drying, it
was second in performance because 3 out of 15 of the predicted values were outside
the band width of +0.03.
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Figure 4.69: Henderson and Pabis Model Fitting to Experimental Data in
Exhaust Gas Mode of Drying
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Figure 4.70: Henderson and Pabis Model Predictions and Residual Plots in

Exhaust Gas Mode of Drying

4.4 Determination of the Influence of Solar-Exhaust Gas Greenhouse Drying
Modes on Viability of Black Nightshade Seeds

4.4.1 Sampling Results

The results of accessible population of black nightshade berries comprised of four

strata, such that: N; =50, N, = 100, N3 = 150 and N, = 200. The respective
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standard deviations of the diameters of the berries were: o, = 0.6815 mm, o, =
0.6994 mm, o3 = 0.7223 mm and o, = 0.8200 mm. A desirable sample size of 40
black nightshade berries was optimally allocated to the four strata using
disproportionate sampling design as: n; = 4, n, = 7, n; = 12 and n, = 17 with a
99% precision of E; = 0.24 mm, E, = 0.18 mm, E5 =0.16 mm and E, = 0.17 mm.
The accessible berries’ population mean diameter was, 4 = 6.83 mm with a standard
deviation of, ¢ = 0.7552 mm. The mean number of seeds in a berry in this study were
54 seeds—comparable with a study done by Schippers (1998) where seed count in a
berry was reported to be between 20-60 seeds. Figure 4.71 shows a scatter plot of the
variations of seeds count with berries diameter. It reveals a linear relationship with a
coefficient of determination, R? = 0.8328. The size in diameter of black nightshade
berries was found to be directly related to the number of seeds in a berry at harvest on
maturity. The maximum berry size in diameter was reported as 7.99 mm from an
accessible population of 500 berries. From the same population, the minimum size in

the form of diameter was recorded at 5.28 mm.
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Figure 4.71: Scatter Plot of Seeds’ Count Variation with Berries’ Diameter

Results of regression analysis revealed that the number of seeds (N;) on the y-axis was
positively correlated with the diameter of berries (D, ) on the x-axis. A linear regression
model was developed from the data and is presented in Equation (4.1) which is

applicable for diameters ranging from 5 to 8 mm.

N, = 21.5207 + 4.7469D,, (4.1)
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In Equation (4.1), Ny is the number of seeds in a berry, 21.5207 is the intercept (a,),
of the model, 4.7469 is the slope (a,), of the regression model, D,, is the diameter of a
berry. From the coefficient of determination, over 83% of the total variability in seed
count was accounted for by the model, showing that, there exists a strong positive
linear relationship between the number of seeds in a berry and the diameter of black
nightshade berries. This implied that the number of seeds could be estimated from a
berry’s diameter ranging from 5 to 8 mm with reasonable certainty. The t-distribution
similar to the t-test was used as the test statistic for the regression model’s intercept
and slope. Making statistical inferences at the 0.05 level of significance (a« = 0.05), it
was concluded that the true value of the intercept of the regression model lied in the
interval 19.1191 to 23.9223 and similarly the true slope lied in the interval 4.4032 to
5.0905. The value of the t-distribution calculated from the data was more than the
critical value of the t-distribution for a two tailed test with a = 0.05: (t.qc =
18.6082, t.,;s = 2.074) for the intercept and (t.q;c = 27.9584, t..;y = 2.074) for the
slope. Thus, there was enough evidence to reject the null hypotheses that the intercept
and slope were equal to zero and it was concluded with 95% confidence that berries
diameter is useful in predicting the number of seeds in a berry of black nightshade.
The RMSE for the seed count model was 2 seeds. A plot of the residuals against the
independent variable (berries’ diameter) is shown in Figure 4.72. 1t was observed from
Figure 4.72 that the seed count model gave a scattered residual plot, and this led to a
conclusion that the model was able to explain the variation in the experimental data.

The covariance was constant with a band width of most values at +2.
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Figure 4.72: Residual Plot of Seed Count Data for Black Nightshade Berries
4.4.2 Standard Germination Test Results

The results of standard germination test are presented in Figure 4.73. The ANOVA
results showed that at 0.05 level of significance F.,; = 17 > F,,;; = 3.68. Thus, at
least one of the drying modes was significantly different from the other. Fishers least
significant difference (LSD) was determined as 5.1%. The difference between the
means of germination percentage of solar drying mode compared to solar-exhaust gas
mode of drying were not significantly different at 3.7%. Exhaust gas drying mode had
a difference of 12.5% when its mean germination percentage was compared to solar
mode of drying. Moreover, a 16.2% difference in means of germination percentage
was recorded when solar-exhaust gas mode of drying was compared to exhaust gas
mode. The highest mean germination percentage was recorded at 89% for exhaust gas
drying mode because black nightshade seeds were subjected to temperatures ranging
from 25.75 to 30.77°C. These temperatures were lower when compared to those of the
other two modes of drying: solar (14.82-58.46°C) and solar-exhaust gas (34.49-
61.97°C).
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Figure 4.73: Six Replications of Mean Germination Tests on Black Nightshade
Seeds’ Viability

A number of authors have recommended low drying temperatures for seeds. Moreno
et al. (2022) has recommended 35-40°C for drying amaranth seeds in order to ensure
viability. The authors reported an unacceptable decrease in amaranth seeds
germination rate from 85 to 23% due to increased drying temperatures in microwave
drying and forced convection drying using hot air in an electric oven. A slight decrease
of germinability was observed in beech seeds dried at 30°C when Pukacka and
Wojkiewicz (2003) dried the seeds at 15 and 30°C. The previous study reviewed 15-
20°C as the recommended temperature of drying beech seeds and contrasted
broadleaved species to conifers specifically on their inability to withstand high drying
temperatures. Xie et al. (2022) have reported germination rates of up to 88% while
drying peanut pods used for seeds through hot air drying technique. Soares et al. (2016)
in a study aimed at evaluating the drying Kinetics of barley grains in conventional and
intermittent drying methods reported that drying at 40°C resulted in the highest values

of germination energy and germination index.
4.4.3 Germination Models Fitting

Modified Sharp’s model and modified Giner’s model have been commonly used in
predicting germination percentage of seeds during drying process. Consequently, in
the present study, experimental data of standard germination test were used to fit the
two models using data collected from exhaust gas mode of drying. This mode of drying
was chosen because black nightshade seeds dried under it had the highest germination

percentages. The patterns from Sharp’s model and Giner’s model were used in R
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statistical software (mosaic collection of packages) to obtain the values of RMSEs, and
constants as presented in Table 4.4. Figure 4.74 shows the performance of the modified
Sharp’s model against experimental germination data. Figure 4.75 is correlation
between the observed and predicted germination percentages when modified Sharp’s
model was used. Figure 4.76 is a plot of residuals resulting from the predictions of
modified Sharp’s model.

Table 4.4: Germination Models’ Parameters

Model R2 RMSE Constants
Modified Sharp’s Model 0.6853 6.4519 C(C, =30.874
G. = Go — t C; =0.0163
£ 70 1 0(Co—CilogM—C,T—C5T?)
C, =0.0229
Modified Giner’s Model 0.6896 6.1554 E,
= 7.034 x 103
G < ( E, +7
o= exp|—|exp|\— 1 Z
G RT, 1
0 ¢ = 2.64 x 1028
rm))o .
= 1.88 x 10%®
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Figure 4.74: Modified Sharp’s Model Performance Compared to Experimental
Data

Figure 4.77 shows the performance of modified Giner’s model against experimental
germination data. Figure 4.78 is correlation between the observed and predicted
germination percentages when modified Giner’s model was used. Figure 4.79 is a plot
of residuals resulting from the predictions of modified Giner’s model. The survival
analysis procedures with life tables, logistic regression, and accelerated failure are the
most informative analyses for seed germination studies (Scott et al., 1984). In this
regard, the statistical procedure selected to evaluate the models’ parameters shown in
Table 4.4 best tested the hypothesis posed by the experiments in the current study.to
provide as much ancillary information as possible. Graphical evaluation of percent
germination shown in Figures 4.74 to 4.79 was a useful step in analysis to promote
stand establishment through the use of exhaust gas energy to dry black nightshade

seeds.
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Figure 4.76: Residual Plots of Modified Sharp’s Model Predictions
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Figure 4.3: Modified Giner’s model performance compared to experimental data
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Figure 4.79: Residual Plots of Modified Giner’s Model Predictions
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
The specific conclusions drawn from this study are as follows:

(1) It is feasible to predict the temperature of black nightshade seeds, greenhouse
dryer room air temperature and moisture evaporated from black nightshade
seeds based on the developed second order and exponential decay models. The
three proposed thermal models for temperature and moisture evaporation
performed better with low RMSEs (0.4859, 0.2453, and 0.3392) in exhaust gas
mode compared to the other modes of drying.

(2) The concept of using a heat exchanger in a solar-exhaust gas dryer was
successfully applied in the recovery of exhaust gas energy from a diesel engine
heat energy that under normal circumstances is wastefully released to the
environment. The heat exchanger raised the dryer temperature by an hourly
average of 11.78°C in solar-exhaust gas mode and 8.04°C when temperature
differences between inside and outside were compared in exhaust gas mode of
drying. The rate of heat energy utilized for the three modes of drying were:
solar (37.33 to 683.3 J/m?s), solar-exhaust gas (40.49 to 685.94 J/m?s), and
exhaust gas (21.69 to 668.11 J/m?:s).

(3) The page model was the most appropriate in describing thin layer drying of
black nightshade seeds when drying was performed in solar mode (highest R?
of 0.9985 and lowest RMSE of 0.0115). In solar-exhaust gas mode,
Logarithmic model was the best model obtained for predicting thin layer drying
of black nightshade seeds (highest R? of 0.9964 and lowest RMSE of 0.0172).
In exhaust gas mode of drying, the Logarithmic model was found to be the
most suitable in describing thin layer drying of black night shade seeds (highest
R? of 0.9933 and lowest RMSE of 0.0232).

(4) Exhaust gas mode of drying was found to be the most suitable mode of drying
black nightshade seeds because it produced the highest mean germination rate
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of 89%. Modified Giner’s model predicted germination changes of black

nightshade seeds more accurately than modified Sharp’s model.

5.2 Recommendations

5.2.1 Recommendations from this Study

The recommendations drawn from this study are as follows:

(1) It is recommended that products dried using exhaust gas mode can be further

dried using solar mode to achieve safe moisture levels for storage. This
combination shortens the solar hours required for drying and will ensure

continuity of drying during peak demand.

(2) Use of diesel engines to power hammer mills in Kenya is known to produce

regulated and unregulated emissions which are hazardous to public health.
However, the released pollutants contain heat energy in their composition, and
it is therefore necessary that the solution studied in this work be extended to
the recovery of waste heat energy from hammer mills operated on diesel

engines in Kenya.

(3) Generally, the drying rate of black nightshade seeds increased with increase in

temperature—as observed in solar-exhaust gas drying mode—and decreased
with increase in relative humidity—as depicted in exhaust gas drying mode
whose experiments were performed when solar radiation was low, and
humidity inside the dryer was high due to the presence of water vapour
evaporating from the open cooling system of a diesel engine. Placing the diesel

engine outside the dryer is therefore recommended.

(4) Exhaust gas mode of drying was recommended as the most suitable mode of

drying black nightshade seeds. The models described in this study have
potential use as seeds management protocols in quantifying seeds in berries

and assessing germination.
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5.2.2 Recommendations for Further Research

The following are recommendations for further studies:

(1) Some of the assumptions made when diesel exhaust gas was used as a working
fluid in the heat exchanger included: the existence of steady operating
conditions, negligible potential energy, and use of air properties for exhaust
gas. It is recommended that the study be carried out without the assumptions
in place.

(2) The energy in this study was not stored. It is recommended that a method to
store the continuously produced heat energy from exhaust gas and solar energy
may be studied.

(3) It was noted that exhaust gas particles adhere to the wall of the heat exchanger,
and this may increase thermal resistance over a prolonged period of time,
therefore, further research is recommended to find solutions capable of
reversing or controlling the phenomenon.

(4) To write the energy balance equations, the assumptions made were: thin layer
drying is adopted, heat capacity of greenhouse dryer cover and wall material is
neglected, no stratification in greenhouse dryer air temperature, absorptivity of
air is neglected, and greenhouse dryer is east-west oriented. It is recommended
that thermal models for prediction of black nightshade seeds temperature and
moisture evaporation be developed using energy balance equations for a solar-

exhaust gas greenhouse dryer without the assumptions.
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APPENDICES

Appendix I: Tables

Table A.1: Basic parameters of diesel engine used in this study

Item Content

IC engine type Single cylinder

Bore (mm) 75

Stroke (mm) 80

Displacement (L) 0.353

Compression ratio 21:1

Specific fuel consumption (kg/kWh) 0.2802

Maximum Speed (rpm) 2500

Mean effective pressure (KN/m?) 576

Valve clearance (mm) Inlet valve 0.15-0.25; Exhaust valve 0.25-
0.35

Fuel tank capacity (L) 4

Rated power (kW) 4.4

Injection pressure (KN/m?) 1.42 x 10* + 5 x 102

Cooling mode Water cooled

Intake mode Naturally aspirated

Table A.2: Physical properties of air (P=101.13 kPa)

T p h S Cp U k

-13.15 1.340 260.0 6.727 1.006 1.65x 107> 0.0231
6.85 1.245  280.2 6.802 1.006 1.75x 107> 0.0247
26.85 1.161  300.3 6.871 1.007 1.85x 107> 0.0263
76.85 0.995  350.7 7.026 1.009 2.08x 1075 0.0301
126.85 0.871  401.2 7.161 1.014  2.30x 1075 0.0336
176.85 0.774  452.1 7.282 1.021  251x 1075 0.0371
226.85 0.696  503.4 7.389 1.030 2.70x 1075 0.0404
326.85 0.580 6075 7.579 1.051  3.06x 107° 0.0466
526.85 0.435 8225 7.888 1.099 3.70x 10°° 0.0577
726.85 0.348 1046.8 8.138 1141  4.24x 107> 0.0681
926.85 0.290 1278 8.349 1.175  4.73x107° 0.0783
1126.85 0.249 1515 8.531 1.207 527x107° 0.0927
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Table A.3: Suitability of galvanized iron as fabricating material

Property Value
Specific heat capacity (kJ/kg.°C) 0.4605
Thermal conductivity (W/m.°C) 59
Melting point (°C) 1536.85
Density kg/m?® 7849
Thickness (mm) 1.6
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Table A.4: Dimensional properties of connectors, tubes, and exhaust gas mass

Property CN1 CN2 CN3 CN4 CN5 CN6 TB1 TB2 TB3 TB4 TB5 TB6
Distance from exhaust manifold (m) 2.1 5.0 7.8 10.7 135 163 46 74 103 131 159 188
Volume (m°) 0.004 0.3 06 09 12 15 03 06 09 12 15 18
Mass of exhaust gas (kg) 0.003 0.2 04 07 09 11 02 04 07 09 11 13

Table A.5: Exhaust gas residence time in connectors and tubes

DES Q. (M/s) Elapsed time for exhaust gas to fill connectors and tubes of heat exchanger (seconds)

CNI CN2 CN3 CN4 CN5 CN6 TBL TB2 TB3 TB4 TB5 TB6
(rpm)

750 0.0042 1.00 71 140 210 279 349 70 140 210 279 349 418
1000 0.0048 0.88 62 123 185 246 307 62 123 184 246 307 368
1250 0.0111 0.38 27 53 80 106 133 27 53 80 106 133 159
1500 0.0123 0.34 24 48 72 95 119 24 48 71 95 119 143
1750 0.0140 0.30 21 42 63 84 105 21 42 63 84 105 126
2000 0.0154 0.27 19 38 57 76 95 19 38 57 76 95 114
2250 0.0158 0.27 19 37 56 74 93 19 37 56 74 93 111
2500 0.0167 0.25 18 35 53 70 88 18 35 53 70 88 105
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Table A.6: Exhaust gas properties corresponding to engine speed

DES Tex(OC) mex(kg/h) Qex(msls) Vcn th (m/S) Recn Retb Nucn Nutb Aex (kJ/h)
(rpm) (m/s)
750 197.19 11.32 0.0042 2.14 0.035 2681 344 14 3.66 2082.32
1000 213.47 12.87 0.0048 2.43 0.040 3048 391 16 3.66 2591.28
1250 238.54 29.79 0.0111 5.63 0.093 7055 905 31 3.66 6795.84
1500 325.07 33.21 0.0123 6.28 0.103 7865 1008 34 3.66 10645.96
1750 352.94 37.65 0.0140 7.11 0.117 8917 1143 37 3.66 13190.24
2000 359.82 41.46 0.0154 7.83 0.129 9819 1259 40 3.66 14829.75
2250 356.98 42.53 0.0158 8.04 0.132 10073 1291 41 3.66 15083.44
2500 357.36 45.07 0.0167 8.52 0.140 10674 1368 43 3.66 16002.56
Table A.7: Kinetic energy of exhaust gas within the heat exchanger

Ven (MIS) Vg Kinetic energy (kJ)

(m/s) CN1 CN2 CN3 CN4 CN5 CN6 TB1 TB2 TB3 TB4 TB5 TB6
2.14 0.035 0.007 051 101 151 201 251 0.00014 0.00027 0.00041 0.00054 0.00068 0.00081
2.43 0.040 0.009 0.66 130 195 260 324 0.00018 0.00035 0.00053 0.00070 0.00088 0.00105
5.63 0.093 0.050 352 6.98 1045 1392 17.38 0.00095 0.00188 0.00282 0.00376 0.00469 0.00563
6.28 0.103 0.062 4.37 868 1299 17.30 21.60 0.00118 0.00234 0.00351 0.00467 0.00583 0.00700
7.11 0.117 0.079 5.62 11.15 16.69 2223 27.77 0.00151 0.00301 0.00451 0.00600 0.00750 0.00899
7.83 0.129 0.096 6.81 1353 20.24 26.96 33.67 0.00184 0.00365 0.00546 0.00728 0.00909 0.01091
8.04 0.132 0.101 7.17 1423 2130 28.36 3543 0.00193 0.00384 0.00575 0.00766 0.00957 0.01148
8.52 0.140 0.114 8.05 1598 2392 31.85 39.79 0.00217 0.00431 0.00646 0.00860 0.01074 0.01289
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Table A.8: Major head losses in connectors

Recy fen Frictional head loss in connectors (m)
CN1 CN2 CN3 CN4 CN5 CN6

2681 0.1860 0.7 1.6 2.5 3.5 4.4 5.3
3048 0.1637 0.9 2.0 3.2 4.3 55 6.6
7055 0.0707 4.3 10 16 21 27 33
7865 0.0635 5.3 12 19 27 34 41
8917 0.0560 6.7 16 25 34 42 o1
9819 0.0508 8.1 19 30 40 51 62
10073 0.0496 8.4 20 31 42 53 65
10674 0.0468 9.3 22 34 46 59 71

175



Table A.9: Major head losses in tubes

Rerg frs Frictional head loss in tubes (m)
TB1 TB2 TB3 TB4 TB5 TB6

344 0.0700 0.00014 0.00022 0.00031 0.00039 0.00048 0.00056
391 0.0675 0.00016 0.00025 0.00035 0.00045 0.00054 0.00064
905 0.0625 0.00036 0.00059 0.00081 0.00104 0.00126 0.00148
1008 0.0620 0.00040 0.00065 0.00090 0.00116 0.00141 0.00166
1143 0.0610 0.00046 0.00074 0.00103 0.00131 0.00159 0.00188
1259 0.0605 0.00050 0.00082 0.00113 0.00144 0.00175 0.00207
1291 0.0600 0.00052 0.00084 0.00116 0.00148 0.00180 0.00212
1368 0.0590 0.00055 0.00089 0.00123 0.00157 0.00191 0.00225
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Table A.10: Experimental and predicted data from forced convection solar drying mode

.I[?i%':g Experimental T, Predicted T, Experimental T Predicted T, Experimental m,,,  Predicted &

(hourS) ( C) ( C) (oc) (oc) (g) mev (g) (%)
0 14.82 14.98 11.27 9.16 0 0 0.88
1 22.36 21.87 19.34 16.47 20.80 18.78 0.68
2 38.35 36.26 35.52 32.95 10.53 9.68 0.36
3 40.81 38.99 37.95 35.85 5.70 531 0.27
4 46.94 45.04 43.47 42.42 3.14 2.97 0.2

5 54.14 52.15 51.45 52.37 1.91 1.84 0.14
6 50.85 49.93 47.56 48.12 1.30 1.28 0.15
7 54.75 54.22 51.77 53.79 0.84 0.86 0.13
8 58.46 58.41 55.02 58.50 0.61 0.64 0.09
9 51.64 53.02 48.41 51.03 0.46 0.51 0.14
10 37.03 40.46 34.39 35.82 0.35 0.40 0.27
11 29.05 33.93 26.55 28.54 0.29 0.35 0.37
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Table A.11: Experimental and predicted data from forced convection solar-exhaust gas drying mode

Drying Time Experimental T, Predicted T, Experimental T3, Predicted T}, Experimental m,,, Predicted m,, 7V,

(hours) (O] O] (O] (O] (@) (@) (%)
0 34.49 31.38 35.00 31.83 0 0 0.39
1 41.79 38.83 42.22 39.29 17.79 16.17 0.27
2 50.05 47.61 50.22 47.90 9.09 8.40 0.15
3 50.05 47.87 50.17 48.23 4.76 4.46 0.15
4 51.93 50.17 52.18 50.78 2.41 2.30 0.12
5 58.61 57.77 58.99 58.66 1.54 1.50 0.12
6 61.97 61.89 62.10 62.65 0.84 0.85 0.10
7 61.49 61.76 61.95 63.04 0.78 0.79 0.08
8 59.64 60.12 59.84 61.25 0.74 0.76 0.07
9 58.75 59.58 59.02 60.93 0.70 0.72 0.07
10 56.34 57.38 56.55 58.78 0.65 0.67 0.08
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Table A.12: Experimental and predicted data from forced convection exhaust gas drying mode

Drying Experimental T,. (°C) Predicted T} Experimental T}, Predicted T}, Experimental m,,, Predicted m,,, ¥y, (%)
Time (°0) (°C) (°0) ©) ©)

(hours)

0 25.75 25.57 25.94 25.20 0 0 0.52
1 27.50 27.44 27.98 27.27 22.33 22.89 0.60
2 28.26 28.27 28.43 27.76 11.00 11.51 0.67
3 28.62 28.68 28.91 28.30 5.80 6.15 0.76
4 29.26 29.39 29.98 29.45 3.19 3.43 0.84
5 28.62 28.74 29.02 28.55 1.93 2.11 0.74
6 28.62 28.78 29.26 28.88 1.30 1.45 0.74
7 30.77 31.13 31.08 30.82 0.86 0.99 0.60
8 30.65 31.04 31.48 31.34 0.63 0.74 0.73
9 30.50 30.93 31.02 30.99 0.48 0.59 0.72
10 30.60 31.09 30.88 30.98 0.37 0.47 0.70
11 28.53 28.92 29.24 29.45 0.27 0.36 0.67
12 28.28 28.72 28.66 29.02 0.19 0.28 0.68
13 28.43 28.94 29.26 29.78 0.14 0.23 0.77
14 28.34 28.91 28.85 29.54 0.13 0.22 0.77

179



Table A.13: Models, drying modes, RMSE and model parameters

Model Solar drying mode Solar-exhaust gas drying mode Exhaust gas drymg
mode
Black nightshade seeds temperature RMSE = 21409 RMSE = 19504 RMSE =0.4859
&p =0.0495 Ep =0.1424 &, =0.2382
& =0.0426 & =00739 & =10.0145
&, =0.7515 &, =0.8237 &, =0.9100
&3 = 00002 &3 =0.0046 &; =0.0005
&4 =0.0385 &4 = 00151 &, =0.0053
&5 =0.0047 &5 =0.0022 & =0.0016
W = 0.0495 W =0.1670 w = 0.2433
Moisture evaporated RMSE = 06455 RMSE =o5186 RMSE = 0.2453
o =0.0797 {1y =0.0699 o =0.0795
£y =10.1707 ()] =9.7564 2, =10.1707
)y =09382 £y =0.8458 0, =0.9382
)3 =331.9957 ()3 = 3286183 3 = 347.7691
0, =00382 £, =0.0428 0, =0.0399
s =0.0729 L5 = 0.0660 N5 =0.0761
Greenhouse dryer room air temperature RMSE = 21257 RMSE = 17836 RMSE = 0.3392
Co =1.1590 {o = 02070 ¢o = 0.2017
{1 =0.2880 {1 = 0.0460 ¢1 = 0.0154
{5 =0.8505 {5 =0.8199 ¢, =0.9079
{3 =0.0052 {3 =0.0030 ¢z = 0.0001
{4 =0.0158 {4 =0.0139 ¢, =0.0018
{5 =0.0002 {5 =0.0023 (s = 0.0028
0 =1.1824 0 =0.1552 o0 =0.1504
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Table A.14: Average hourly data of the dryer parameters in solar mode

Drying Time Outside RH Inside RH Outside Temperature Inside Temperature
(hours) (%) (%) (°C) (°C)
0 32.37 88.03 12.72 14.82
1 32.40 67.78 16.03 22.36
2 36.27 36.35 21.65 38.35
3 39.02 27.32 22.77 40.81
4 40.72 19.97 23.73 46.94
5 41.02 13.70 26.22 54.14
6 41.13 15.48 26.72 50.85
7 50.20 12.77 27.30 54.75
8 51.78 9.40 28.75 58.46
9 59.30 13.63 29.75 51.64
10 70.52 26.59 31.35 37.03
11 94.88 37.19 31.52 29.05
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Table A.15: Average hourly data of the dryer parameters in solar-exhaust gas mode

Drying Time Outside RH Inside RH Outside Temperature Inside Temperature
(hours) (%) (%) (°C) (°C)
0 68.15 39.27 20.75 34.49
1 53.93 27.19 24.80 41.79
2 40.13 14.84 28.80 50.05
3 40.13 14.84 28.80 50.05
4 13.35 11.78 47.65 51.93
5 9.88 12.27 53.00 58.61
6 9.55 9.55 51.05 61.97
7 9.15 7.68 51.65 61.49
8 8.75 7.10 52.48 59.64
9 11.20 7.31 47.95 58.75
10 10.95 8.29 48.55 56.34
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Table A.16: Average hourly data of the dryer parameters in exhaust gas mode

Drying Time Outside RH Inside RH Outside Temperature Inside Temperature
(hours) (%) (%) (°C) (°C)
0 54.70 51.88 22.05 25.75
1 58.05 59.80 21.35 27.50
2 61.40 67.28 20.85 28.26
3 63.85 76.37 20.50 28.62
4 67.70 83.98 19.85 29.26
5 69.55 74.25 19.60 28.62
6 69.55 74.25 19.60 28.62
7 55.50 59.66 22.20 30.77
8 57.55 72.85 21.85 30.65
9 58.60 7177 21.55 30.50
10 60.30 70.31 21.30 30.60
11 61.60 67.25 20.90 28.53
12 63.50 68.10 20.50 28.28
13 66.20 76.82 20.10 28.43
14 66.20 76.98 19.90 28.34
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Table A.17: Change in mass of black nightshade seeds during solar mode of drying

Time (h) Mass (g) Moisture Content (% db) Drying Rate (g/g/h) Moisture Ratio

0 50.00 89.34 0 1

1 29.20 71.2329 5.1106 0.7973
2 18.67 56.4006 2.5872 0.6313
3 12.97 43.9476 1.4005 0.4919
4 9.83 31.9430 0.7715 0.3575
5 7.92 24.1162 0.4693 0.2699
6 6.62 19.6375 0.3194 0.2198
7 5.78 14.5329 0.2064 0.1627
8 5.17 11.7988 0.1499 0.1321
9 4.71 9.7665 0.1130 0.1093
10 4.36 8.0275 0.0860 0.0899
11 4.07 7.1253 0.0713 0.0798
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Table A.18: Change in mass of black nightshade seeds during solar-exhaust gas mode of drying

Time (h) Mass (g) Moisture Content (% db) Drying Rate (g/g/h) Moisture Ratio

0 50.00 92.57 0 1

1 32.21 55.2313 1.6626 0.5966
2 23.12 39.3166 0.8495 0.4247
3 18.36 25.9259 0.4449 0.2801
4 15.95 15.1097 0.2252 0.1632
5 14.41 10.6870 0.1439 0.1154
6 13.57 6.1901 0.0785 0.0669
7 12.79 6.0985 0.0729 0.0659
8 12.05 6.1411 0.0692 0.0663
9 11.35 6.1674 0.0654 0.0666
10 10.70 6.0748 0.0607 0.0656
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Table A.19: Change in mass of black nightshade seeds during exhaust gas mode of drying

Time (h) Mass (g) Moisture Content (% db) Drying Rate (g/g/h) Moisture Ratio

0 50.00 88.84 0 1

1 27.67 80.7011 16.1812 0.9084
2 16.67 65.9868 7.9710 0.7428
3 10.87 53.3579 4.2029 0.6006
4 7.68 41.5365 2.3116 0.4675
5 5.75 33.5652 1.3986 0.3778
6 4.45 29.2135 0.9420 0.3288
7 3.59 23.9554 0.6232 0.2696
8 2.96 21.2838 0.4565 0.2396
9 2.48 19.3548 0.3478 0.2179
10 2.11 17.5355 0.2681 0.1974
11 1.84 14.6739 0.1957 0.1652
12 1.65 11.5152 0.1377 0.1296
13 151 9.2715 0.1014 0.1044
14 1.38 9.4203 0.0942 0.1060

186



Table A.20: Experimental and predicted moisture ratios data in solar mode of drying

Time (h) Experimental Newton Page Logarithmic Henderson and Pabis
0 1 1 1 1.0145 1.0133
1 0.7973 0.7805 0.7931 0.7880 0.7882
2 0.6313 0.6092 0.6201 0.6122 0.6131
3 0.4919 0.4755 0.4821 0.4758 0.4769
4 0.3575 0.3711 0.3734 0.3701 0.3710
5 0.2699 0.2897 0.2884 0.2880 0.2886
6 0.2198 0.2261 0.2223 0.2244 0.2245
7 0.1627 0.1765 0.1709 0.1750 0.1746
8 0.1321 0.1377 0.1313 0.1367 0.1358
9 0.1093 0.1075 0.1007 0.1070 0.1057

10 0.0899 0.0839 0.0771 0.0839 0.0822
11 0.0798 0.0655 0.0590 0.0660 0.0639
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Table A.21: Experimental and predicted moisture ratios data for solar-exhaust mode of drying

Time (h) Experimental Newton Page Logarithmic Henderson and Pabis
0 1 1 1 0.9945 0.9777
1 0.5966 0.6470 0.6031 0.6236 0.6388
2 0.4247 0.4186 0.3997 0.3975 0.4174
3 0.2801 0.2708 0.2728 0.2596 0.2727
4 0.1632 0.1752 0.1896 0.1756 0.1782
5 0.1154 0.1134 0.1334 0.1244 0.1164
6 0.0669 0.0733 0.0949 0.0931 0.0761
7 0.0659 0.0475 0.0680 0.0741 0.0497
8 0.0663 0.0307 0.0490 0.0625 0.0325
9 0.0666 0.0199 0.0356 0.0554 0.0212

10 0.0656 0.0129 0.0259 0.0511 0.0139
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Table A.22: Experimental and predicted moisture ratios data for exhaust mode of drying

Time (h) Experimental Newton Page Logarithmic Henderson and Pabis
0 1 1 1 1.0425 1.0285
1 0.9084 0.8397 0.8476 0.8602 0.8589
2 0.7428 0.7050 0.7134 0.7112 0.7173
3 0.6006 0.5920 0.5988 0.5894 0.5990
4 0.4675 0.4970 0.5017 0.4897 0.5003
5 0.3778 0.4173 0.4197 0.4082 0.4178
6 0.3288 0.3504 0.3508 0.3415 0.3489
7 0.2696 0.2942 0.2929 0.2870 0.2914
8 0.2396 0.2471 0.2444 0.2424 0.2433
9 0.2179 0.2074 0.2037 0.2060 0.2032

10 0.1974 0.1742 0.1697 0.1762 0.1697
11 0.1652 0.1462 0.1414 0.1518 0.1417
12 0.1296 0.1228 0.1177 0.1318 0.1184
13 0.1044 0.1031 0.0979 0.1155 0.0988
14 0.1060 0.0866 0.0814 0.1022 0.0825
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Appendix I1: Plates

Plate B.2: Inside view of the solar-exhaust gas greenhouse dryer
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Plate B.4: Thin layer drying of black nightshade seeds on a drying tray

191



Plate B.6: Research engine test setup in thermofluids laboratory, JKUAT
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Plate B.8: Exhaust gas flow in connectors and tubes of hybrid recuperative heat
exchanger
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Plate B.9: Black nightshade (solanum villosum) vegetable crop
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Plate B.10: Schematic diagram showing the layout of the diesel engine and heat
exchanger
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