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ABSTRACT

Naturalconvection s@r tunnel dryers capable of achieving greater drying rates when
drying products. The increased temperature decreases the relative humidity of the air,
thereby allowing the air to more efficiently dry the product. However, it is necessary to
provide an apmpriate solar air heater in order to achieve the required drying air
temperature distribution for improved performance of such a dryer. In order to predict
variation of moisture content with time during the drying process, it is necessary to have
an appopriate drying model. The purpose of this study was to investigate the performance
of dryer andapplyComputational Fluid Dynamicgmulations in visualizing the air flow

and temperaturdn this study experiments were carried out at the University of dlamb
Department of Agricultural Engineering under natural conditions. Simulations of
temperature and air flow within the model of the dryer were done and the results showed
average air temperature of wup to 70r was
temperature obtained in the process of the Computational Fluid Dynamics (CFD)
simulation was in agreement with the experimental temperature for drying the banana
slices with an error of 5.1%. The dryer model describes the transfer process and flow field
pattern of air in the tunnel dryer and predicts the instantaneous temperature, air velocity,
pressure field pattern at any location of the dryer witpleasis on the collector, drying

unit and chimney. From the simulations it was observed that the ingyehsi collector

length from 1.5 to 2 m had a collector temperature percentage increment of 888%
simulation results shows that temperature obtained inside the chamber increases with
increase in exposed surface area of collector. A mass of 0.943kgana slices were

dried from an initial moisture content of 73.89% (w.b.) to 4.39% (w.b.) in 13 hours. The
performance of the dryer was analysed by calculating the collector and drying chamber
efficiencies. The efficiencies were found to be 33.09% 8% for the collector and
drying chamber, respectively. To find an appropriate thin layer model, 11 thin layer
models from literature were analysed using Matlab R2018A curve fitting tool and the best
model was determined based on three statistical pégesneoefficient of determination

(Y ), Sum of Square ErrofY"Y)Y@nd Root Mean Square ErrdY  "YYOAmong the 11

thin layer mathematical models which were established to help predict the drying of

banana slices, the Midilli et al and Page models provided excellent fits to greexmutal

\



data with a value o¥ of 0.9990and0.9933 respectively The values ofY"Yanhd'Y 0 "YO
obtained from both models were less tlta08335and 0.02753 respectively.This
research also presents an energy and exergy analysis of thdrgwigrprocess. From

the energy and exergy analysis, the average collector efficiency during the experiment
was 33.09 % whilehie averag collector exergy and drying chambadficiencies were

1.91 %and 63.200, respectively.On the basis of temperaturestained from the
simulationand experiment resultd)e drying timeachieved fo3 mm bananalices and

the ollectorefficiencies the dryer performed welCost based optimization of the dryer

is recommended for further study.

Keywords

CFD simulation, Terperature ad air flow, Natural convectionSolar tunnel dryer,
Chimney
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CHAPTER ONE: GENERAL INTRODUCTION
1. Chapter introduction

This chapter begins by describisglar energy in food dryingnd goes on temphasie

on the inportance and usef computational Fluid dynamids heat and mass transfer
related tofood drying It highlights the current preservation techniques used to process
freshlyproduced foodbefore narrowing down tsolardryingas the preferred ethod of

food preservation. It also describes intalethe limitations of use of solar dryand
justifies the ned to investigate the temperature andlaiw distribution inSolarDryers

as way of improving theiperformance

1.1 Background

A. Solar enegy in food drying

In many parts of the worldhere isa developing recognition that renewable energy has

an important function to play in extending technology to the fasmethe devdoping
nationsto amplify their productivityBolaji & Olalusi, 2008) Solar thermal technology

is a technology that isapidly gaining acceptance as an energy saving measure in
agricultural application The seasonal characteristics of crops makes preservation
necessary to assure a regular amtiouous supply to the consumers throughout the year.
There are numerous methods of food preservdiittrdrying is the oldest and most
practical method. Sun drying of agricultural produce has been practiced as a preservation

method in quite a number o&gs of the worldSacilik, et al., 2006)

Solar dryes incorporatingthermal energy storagare quite effective forcontinuously
drying agriculture and food products at steady state in the temperatureofatye to

6 0 (Kant, et al., 2016)Solar dryers are being studied broadyan alternative tthe
conventional technigqe(open sun drying, hot air drying, oven drying efojrop drying
(Pangavhane & &vhney, 2002)Solar drying has been applied to a range of products
including; cereals, nuts, oil crops, fruits and vegetables among o8was. drying of
fruits is one way of keeping fruits in a good quality for consumption and for any required
subsegent processin@Cherotich, 2016)



B. CFD infoodprocessing

Computational fluid dynamicsas a tool of research fonlgancing the design process and
understanding of thieasic physical nature of fluid dynamics can provide bestarough
improved designto the food processing industry in many areas, such as drying,
sterilization, mixing, refrigeration and other application af&asishal & Sharma, 2012)
Drying is a common food manufacturing proceBse drying rate is a strong function of

air flow or air velocity. Therefore, it is of great importance to know the air flow and
velocity in the drying chamber, thus leading to know the areas of adequate air velocities
for proper dryingXia & Sun, 2002)Computational fluid dynamids a powerful tool to

aid the prediction of drying process therefore can be used to predict the air flow and
velocity during drying.Mathioulakis, et al (1998)sed CFD to simulate the air moverhen
inside an industrial batetype, tray airdryer. Drying tests of several fruits were
performed and the result showed that the degree of fruit dryness depended on its position
within the dryer. According Kaushal & Sharma, (2018)e determination of presse
profiles and air velocities by CFD showed that the main cause of the variations in drying
rates and moisture contents was the lack of spatial homogeneity of air velocities within
the drier.

1.2 Satementof the problem

In practice, solar dryerespeally thosethat operate in natural convectiorode,face

some challengewhich includeuneven drying offood praducts For the solar tunnel
dryer, the effectiveness of the dryer depends on the temperature of the air, natural
convection flow rate, initial wisture content anthe type of crop to be dried. Uneven
drying of food products is as a result of aamformity in the air and temperature
distribution in the solar drye€ommonly the efficiency of solar dryers is evaluated either
based on th thermalperformanceor drying rates of the productsiowever, several
problems might exist such as low drying efficiency, leading to low product quality due to
uneven distribution of temperature and air flow in the solar tunnel dryer. These problems
attract the aention in the academic and industrial fieldibe monitoring of the drying
process is in most cases complicated since the temperature and air usually varies from
location to location in the dryer, flow simulations allow the temperature and air

distribution in the dryer to beisualized, facilitating the identification of possibilities for

2



design changes. Then, therformance of modified designs can also be simulated without

the need to physicallgonstruct the model and test it.

While studies have been w® on natural convection solar tunnel drying primarily
focusing on banana drying and use of CFD in the drying prodeséambia, it appears
little or no studies have been undertakennatural convection solar tunnel drying of
banana and the applicatiohCFD simulations in visualizing the air flow and temperature

in the solar tunnel dryer.

The lack of understanding of the factors that affect performance of solar tunnel dryers
prevents improvement in their designs. Therefoege is a need to study therformance

of Natural Convection Solar Tunnel Dryer.

1.3 Justification of the study

The quality of food depends on the effectiveness of drying which means longer shelf life
and maintaining the intended nutritional valBanana is a fruit widely consumedthe

world. However, it is very perishable, causing great waste and financial loss. Convective
drying is a simple and lowwost method, widely used in fruit processing to produce new
products and extend the shelf life of food. The dried banana is a pofdjond sensory
acceptance and therefore drying is a good altemditiv processing the banana slices
The temperature of the drying air is one of the principal parameters of this process since
it influences the drying kinetics and the physicochemicapgrties of the dry product.
Therefore, it is important to study different drying air temperatures to determine the best
drying condition for dried banana production, to optimize the dried banana process and
properties.The application of drying systems developing communities can greatly
reduce postharvest losses of agricultural commodities and significantly contribute to food

availability in these areas.

1.4 Objectives of the study
To investigate théemperature and air flow distribution @Natur&dConvection Solar
Tunnel Dryer using CFD

1.4.1Specificobjectives
The specific objectives of the study wéoe



i.  Evaluate theof temperature and airflow distributian the natural convection

solartunnel dryey

ii.  Evaluatethe collector effieency, drying efitiency andouoyancy pressure by the
chimneyof the natural convection solar tunnel dryer

iii. Determinean appropriate mathematical thin layer model to predicttlgag
characteristis of the banana slices and validate it agaiesperimental resulfs
and

iv.  Evaluate the energy andergyof thenatural convection solar tunnel dryer

1.5 Research qugions
To achieve the objectives of the study, the following questions were to be answered:

1) How is the temperature and airflow distributed in tiaural convectin solar
tunnel drye?

2) What is collector efficiency, drying efficiency and buoyancy pressure by the
chimney of the natural convection solar tunnel dPyer

3) Which mathematal thin layer model best predidise drying characterissof
the banana slic@s

4) Whd is theenergy and exergyf the natural convection solar tunpel

1.6 Scope of the study

This research dealt wignnatural convectiosolartunnel dryer utilizing solar air heating.
Simulation of temperature and air flow through the dwas doneaisingSOLIDWORKS

flow simulation sdtware The study sought to evaluate tbeyer performanceising
bananass aproduct The mathematical thin layer models were established from existing
models in literatureThe thin layer model was determined, and validatgdiret

experimental results.

1.7 Ethical considerations

In this study, no ethical considerations wepesdered,as no participants were involved.



CHAPTER TWO: LITERATURE REVIEW
2. Introduction

This chapter begins with a description of the principle®ad drying thenprinciplesof
CFDand its use in food processiagd goes ofurther to explain the types of soldryers.
It then narrows down to Natural circulatiBolarDryers and proceeds to cite the relégvan
literature on dryingf different food poducts.Finally, mathematical modelling of mass

and heat transfes discussed in this chapter.

2.10verview

2.1.1Drying

Drying is the basic process to reduce moisture from a product, which is one of the
oldest techniques used for food or agriculturalducts storagéant, et al., 2016)It is

a classical method of food preservation, which provides longer-lieHind lighter
weight for transportation and small space for stof&dSebaii & Shalay, 2012) Heat

and mass transfer phenomena which include the heating of the product, vaporization of
water from liquid state on the surface and within the product, diffusion of vapours, mixing
the vapour with air and removing the moisture is known gsg{AbdelGalil, 2007)

It extends shelfife of the harvested products, improves the bargaining power of farmers
by maintaining relatively constant price of the agricultural products. Finally, drying
reduces postarvest loses and lowers the transportation ¢@3tavan, et al., 2020The
simplest way to dry a product is to expose it to a stream of air whose temperature and
humidity conditions allow the water contained in the product to evapdra¢edesired
moisture content varies depending on the fruit properties, initial moisture content, and the
final use of the product, i.e. replanting of grains or drying fruit for consumption
(Ekechukwua & Norton, 1999)ndired solar drying uses a convective drying method
where heated, low moisture air is used to transfer heat to the product and evaporation
takes place at the product surfgBelessiotis & Delyannis, 2011)

2.1.20pen sun dying (OSD)

The working principle of open sun drying by using only the solar energlgown in

figure 21. The crops are generally spread on the groundpneaiment floor where they
receive short wavelength solar energy during a major part of the day and alsb aiat

circulation(Visavale, 2012)There is partial reflection and absorption of solar radiation

5



falling on the surface in which the absorbed radiations and surrounding air heat up the
surface. Moreover, the moisture frommetsurface of the product is evaporated, by the
produced heat, to the surrounding air although some of this heat is lost through long wave
length radiation to the atmosphere and through the conduction to the d&ahukv,

2004) The absorbed radiation is converted into thermal energy and the temperature of
the material starts to increase. During sun drying, products arel platee ground where

they are unprotected from contamination and attack by bacteria, infestatioselbisin

birds, animals and rodents and also it is laborious as the drying product layers have to be
turned over and over again periodically to ensure undeviating d@dduayulmajid, 2015)

The process is independent of any osmurce of energy except sunlight and hence the
cheapest method. In general, the open sun drying method dog@dfihahe required

guality standards and sometimes the products cannot be sold in the international market.
With the awareness of inadequadieslved in open sun drying, a more scientific method

of solarenergy utilization for crop drying has emerged termed as solar diisavale,

2012)
Long wavelength radiation
loss to ambient

Short wavelength
solar radiaton

Reflected
.4
High convective +

evaporative heat losses
Heat absorbed

Crop

Conductive losses

Figure2-1: Working pringple of open sun drying (Sharma, 2009)

To achieve this effect, the air temperature is increased by energy fnvakesolar
radiation(Romero , et al., 2014)'he volume of the dried materials is redubsdthe
drying processhus improving the efficiency of storage and transportation. Also, drying
is influenced by air humidity, velocity and temperatigarry, et al., 2013)Solar drying

of agricultural products in enclosed structures by forced ection is an attractive way

of reducing posharvest losses and low quality of dried products associated with
traditional open swdrying methodgJain & Tiwari, 2003) Well-designed solar dryers
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may provide a mucheeded suitale substitute for drying of some of the agricultural
crops in developing countrig&ant, et al., 2016)As elaborated below,ofar energy
dryers can broadly be classified intoetdit, indirect and hybrid soldryers. The wding
principle of these dryers mainly depends upon the method of solar energy collection and

its conversion to useful thermal energy for drying.

2.1.3Types ofsolar drying systems

In the year of 1976, Everitt and Stanley developed the first solar (Eyawvan, et al.,
2020). Solar dryers exist in a variety of designs and sizes depending on the requirement
and drying capabilityKant, et al., 2016)Solardrying systemsan be classified as
passiveor active depending on the mode of air flow. Both passnkeactive solar dryers

are divided into direct, indirecr mixed mode solar dryer$he main features of typical
designs of the various classes of solar dryers are illustratégure 22, showng three

main groups for solar drye(direct, indirect or mixed mode solar dryeos) the basis of

the energy sources used

) ACTIVE DRYERS PASSIVE DRYERS ]
[ ‘ _ l
INTEGRAL {DIRECT) TYPE ‘ ! ‘
— L
DISTRIBUTED (INDIRECT) TYPE ') E e
ie
MIXED MODE TYPE = Ny IR
L a— a——
~ |
3
| .

v SOLAR RADIATION
- AIRFLOW

Figure2-2 Classification of Solar dryers based on designs (Ekechukwua & NAQ88)



A. Active or forced convectiomkr dryers

A typical active solar dryer depends solely on selaergy as the heat source but
employs motorized fans for forced circulation of the dryingBkechukwua & Norton,
1999) Active solar dryers are incorporated with a fan or a blower to force the air through
the product contained in the dryer, hence, the feroed convectioiiLeon, et al., 2002)
These dryers find major applications in laggake commercial drying operations in
combination with conventional fosdilel to have a better control over drying by
consolidating the effect of fluctuations of the solar insolation on the drying air
temperaturgVisavale, 2012)Active solar dryers are known to be suitable for drying
higher moisture content foodstuffs such as papaya, kiwi freggplant cabbage and
cauliflower slices. A variety of active sotanergy dryers exist which could be classified
into either the diret -type, indirecttype or hybrid dryers(Visavale, 2012) The
requirements for a fan and a source of power to drive the fan make active solar dryers
more complex and relatively more expensive than passive solar {fFyelisoli, et al.,
2010)

B. Passive or natural convectioolar dryers

Passive solaenergy drying systems are conventionally termed natin@llation solar

drying systemgVisavale, 2012)Naturatcirculaion solarenergy dryers depend entirely

on solar energy for their operatifiaia, et al., 2012; Simate, 2003; Fudholi, et al., 2010)

In such systems, sokleated air is circulated through the crop by bmoydorces or as

a result of wind pressure, acting either singly or in combindhtaia, et al., 2012)The

air heated by the solar energy becomes less dense than the ambient air resulting in a
difference in air densities whigh turn creates a buoyancy force. The buoyancy force or
wind pressure or both causes air to be driveand out of the drygSharma, et al., 2009)
Natural circulation solaenergy dryers are the most suitable option foliusemote rural
locations where there is no electricity available. They are superior operationally and
competeeconomically withtraditional Open Sun Dryin@Ekechukwua & Norton, 1999)

These are primitive, inexpensive in caastion with locally available materials, easy to
install and to operate especially at sites far from electrical grid. The passive dryers are
best suited for drying small batches of fruits and vegetables such as banana, pineapple,
mango, potato, carro{glughes & Oates, 2011)
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C. Direct solar aying (DSD)

In direct solar dryers, collection of solar energy and drying of the product takes
place in an enclosed insulated structure where the food receives direct solar radiation. In
direct solar dryers solar energy passes through a transparent cover and is absorbed by the
food. Essentially, the heat required for drying is provided by radiation to the upper layers
and subsequent conduction into the depth of the {Badaji & Olalusi, 2008) The
working principle of direct solar cragiryer, also known as a solar cabinet digeshown

in Figure 23. Here the moisture is taken away by the air entering into the cabinet from
below and escaping through at the &it of the dryer In the cabinet dryer, of the total

solar radiation impinging on the glass cover, a part is reflected back to atmosphere and
the remaining is transmitted inside the cab(vé$avale, 2012)When using theskpes

of dryers, the drying process is controlled and the product being dried is protected from
damage by insect pests, dust and rain. Also, comparing it to sun drying, the drying time
of sola dryers is reduced by about%0and produces better quality efti products
(Hedge, et al., 2015puring drying,heatloss totheambientis reduced by glass cover,

which is useful for increasing the product and chamber temper@tustayen, et al.,
2014)Theoverall phenomena causes the temperature above the crop inside the cabinet
to be higher. The glass cover in the cabinet dryer thus serves in reducing direct convective
losses to the ambient which plays an important role in increasing the crop and cabinet

temperaturgVisavale, 2012)

Short wavelength hg\;/t (Izgsrls\/:;tive
solar radiation Transparent
[ cover

" ~~ Air out
Long

wavelength

radiation

Reflected

|— Crop

- —_— - —— P - " -~

Airin

Figure2-3 Working principle of a direct solar dryer (Sharma, 2009)
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D. Indirect solar aying

In indirect dryers, air is heated by solar radiatioam air heater and then flows over the
product bed in the drying chamber where the food does not receive direct solar radiation
(Patil & Gawande, 2016)ndirect dryers are suitable for colour sensitive food products,
as the poduce is not exposed directly to sunligfiboba & Bansal, 2011)n distributed

or indirect solar dryers, the crop is not directly exposed to solar radiation in order to
minimize discoloration and cracking of the crop surfdostead, heated air from a
separate solar collector is passed through the crop, placed in a separate chamber.
Evaporation of moisture from the crop is obtained as in open sun drying and direct solar
drying (Tiwari, 2002) Theworking principle of an indirect solar dryer is shown in figure
2-4.

Short wavelength
solar radiation

Conductive

losses

Reflected = Crop
- Z s ) A A

<
Air in -

S ¥

Conductive/
convective

losses
Figure2-4 Working principle of an indirect solar dryer (Sharma, 2009)

E. Mixedmode solar dying

In mixed mode solar dryers productg axposed directly to solar radiations and hot air
from a solar collector. It is a combination of direct and indirect solar d({fRatsl &
Gawande, 2016Mixed mode dryers have the air heated in two stages, firstly, atrthe ai
heating unit and secondly, at the product drying drie combined action of incident
direct solar radiation on the product to be dried and akhpated in a solar collector
heater produces the necessary heat required for the drying p(vtessale, 2012)

Therefore in the mixed mode dryers, the product being dried benefits from direct solar
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energy falling on the drying unit, covered by a transparent cover and theaiez air

from the air heating unit called a solatleotor.

Solar tunnel dryersa type of mixednode solar dryerdiave a distinct collector unit that
serves the purpose of heating air and a drying unit where the product is |écateal.
heated tunnel improves the quality of the product being dri@ddigcting it from foreign
matter. It reduces wasted produce and electricity costs, and thus improves thexqdality
shelf life of the product(Mkhathini & Zulu, 2015) Solar tunnel dryexr have some
advantages over sudrying when correctly designed. They give faster drying rates, by
heating the air to 280°C above ambient, reducing its humidity ateterringforeign
objects that can spoil the produce. The faster drying reduces the risk of spoilage, improves
guality of the poduct and gives a higher throughput, so reducing the drying area that is
neededMkhathini & Zulu, 2015)In its simpest form the solar tunnel dryerusually a
hooped framed structure with one or two layers of glazing. Tdrerseveral reasons why
such structures are attractive for use in crop drying. These have an ability to generate high
internaltemperatures whesealedwvell and unventilatedThey havdow capital costare
easyto construct and havestructural stabity. They can alsdiold commercial size
guantities of a crop compared to other forms of solar difarller, 1995) Hossain &

Bala, (2007used a mixed mode type forced convection solar tunnel dryer to dry hot red
and green chllies under the tropical weather conditions of Bangladesh. The dryer had a
loading capacity of 80 kg of fresh chillies. Moisture content of red chilli was reduced
from 2.85kg/kgto 0.05 kgkg (dry basi¥in 20 hours in solar tunnel dryer and it took 32
hours to reduce the moisture contéoim 2.85 kg/kgo 0.09kg/kgand 0.40 kg/ kddry

basis) in improved and conventional sun drying methods, respectivalye case of
green chilli, about 0.06 kg/k@ry basis)moisture content was obtained from aniatit
moisture content of 7.6 kg/kglry basis)n 22 hourdn solar tunnel drgr andit took 35
hoursto reach the moisture content to Okfdkg and 0.70 kg/kddry basis)n improved

and conventional sun drying methodsspectivelyThe design of the sat tunnel dryer

usedby Hossain & Bala, (2007% shown in Figure -5.
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Figure2-5 Forced convection mixed mode solar tunnel dryer used to dry hot chilli

2.2 Drying dficiency

The drying efficiency is a pangeter that indicates the overall performance of the solar
dryer and it is defined as the ratio of energy required to evaporate the moisture to the
energy supplied for ging (Lingayat, et al., 2017)'he major parameters thaifluence

the drying efficiency include the temperature of &irein the drying unit, the mag®w

rate, the air speed and the collector degigron, et al., 2002\When thesgarameters

are considerednder the same solargolation for a passive drying system and an active
drying system, it can be observbat passive drying systems tend to have a lower drying
efficiency than active solar drying systems. This is because there is no control on the air
flow rates in passivdrying systems, hence they normally tend to suffer low flow rates.
Aissa, et al., (2014fpund overall system drying efficiency (ratio of energy required to
evaporate moisture to that supplied to solar dryer, including that consurtrexbhywer)

varied fom 1.85 % to 18.6 % and was higher for increased air flonCagrotich, (2016)

dried mangaisinga natural convection solar tunnel dryer and found the dryer efficiency
to be 11.3% under solar insolation of between 470 and 1090 Wingayat, et al.,
(2017) found he average thermal efficiency of the collector to be 31.50% and that of

drying chambeto be22.38% in an indirect type solar dryer for banana drying.
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2.3Banana drying

Banana (Muss parudisiaca) is consumed diresthaw, ripe fruit or processed into pulp

liquid fruit, canned slice, deefpied chips, toffees, fruibars, brandy, et@achru,, et al.,

1995) It is a tropical climacteric fruit, rich in carbohydrates, dietbbyes certain

vitamins, minerals, phenolic compounds and antioxiddifitsy are oftereaten raw as a

dessert fruit, because in the rigtate they are sweet and easily digested. Bananas have
therapeutic values in many special dig@molola, ¢ al., 2015) As a result, banana
consumption is associated with heaftftomotion and the reduction of disease risks.
Furthermore, because of these properties, the banana has good sensory acceptance and
low cost. These characteristics make bananas otigeafnost consumed fruits in the

world, with anh average annuaonsumption of approximately 12 kg per caghitacedo,

et al., 2020; Khoozani, et al., 201%he banana pulp represents about 60% of the total
weight, being the main part of the fruit. Through the processing of banana pulp the aim

is to produce other products and contribute to minimizing wigsteozani, et al., 2019)

The dried banana is one of the products obtained by drysnbdnana pulp. Generally,

this product has 2@5% moisture, lower than that of fresh pulp (between 70 and 80%)
(Sidhu & Zafar, 2018; Borges, et al., 201Dhuwapanichayanam, et al., (20lrEported

by that effectivanoisture diffusivity of banana ranged between B.5x - 2.29p T

at 701 0 0 Macedo, etal.,(2020) epor t ed that in convective
60 |, a n the t&ntperature of 80C showed the highest overall desirability value
(0.65). Ter ef ore, 80 was the ideal drying air

Drying is one of the oldest methods of preservation and widely applied to banasna

owing to its simplicity, ease of operation and eeléctiveness. Besidethese
advantags, drying decreases the bulk of foods by reducing the volume wddcices
packaging, handling and storage and transportation costs as well as leasdliafy and
processing operatiorf&atea, 2011; Gupta, at, 2011; Radhika, et al., 201Drying is
necessary to make them available all year round and at locations where they are not
producedSeveral researchers have carried out studies on drying of baktvesah, et

al., (1983)studied the modelling dhe drying kinetics of bananKrokida, & Maroulis,

(1999) studied the effect of microwave and microwavacuum on increased product

porosity and colour changes.

13



2.3.1Drying Models for the Description of Drying Kinetics of Banana

Drying of agricultural materials usually occurs under two drying regimes, namely
constant rat@andfalling period.In the constant rate phase, the surface of the product is
saturated with vapour and evaporation takes place continuously whereas in the falling
rate period, the suate of the product is not saturated and the moisture diffusion is
controlled by internal liquid movement as the surface dries. The second falling rate is
typical of hygroscopic products. In this phase, the moisture content decreases until
equilibrium is atained at which point the drying ceas@herotich, 2016) Studies
conducted on drying kinetics of banana by various resear(arglamrongrak, et al.,
2002; Ganesapillai, et al., 20Ir&yealed that drying of banana usually takes place under
the falling period and that diffusion mechanisms (movement of moisture from a region
of higher comentration to a region of loweroncentration) is the dominant physical
mechanism prevailing durinthe moistureremoval process in bananas. However, drying

of banana could also occur undeefalling and constant rate perioldying regimes in a

single drying operation.

The removal of water in a foodstuff during drying occurs via two mechanisms: migration

of water within the foodstuff and evaporation of moisture from the foodstuff into the air.

The migration of water within the foodstuff is considered as the most common moisture
migration during drying, and has been used to explain the drying kineticshahda
(Mowlah, et al., 1983; Sankat, et al., 1999pwlah, et al., (1983jeported a constant

rate period followed by a falling rate pe

relative humidity of 9%.

Thin layer drying modelling contributes to understanding of the drying characteristics of
the product being dried and thmee provides a viable way to control dryifigahsasni,

et al., 2004)rhe thin layer drying characteristics of most agricultural products, which
includes banana, could be described using drying models. These drying models are of
two main groups, including the empirical modélsamante, et al., 2010; Mundada, et

al., 2011, Silva, et al., 2013nd diffusion model§Nguyen & Price, 2007; Silva, et.a

2013) The thin layer drying models that describe the drying characteristics of agricultural
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materials are sutlivided into three categories, namely theoretical, dbeoretical and
empirical(Midilli, et al., 2002)

Thetheoretical approach is concerned with either the diffusion equation or simultaneous
heat and mass transfer equation and only takes into account the internal resistance to
moisture transfer. On the other hand the sdmmoretical approach deals with
apprximated theoretical equations and considers only the external resistance to moisture
transfer between the product atite air. Semitheoretical models are developed by
simplifying gener al series solution of Fi
betveen theory and ease of use. These models are only valid within the temperature,
relative humidity and airflow velocity and moisture content range for which they were
developedAkpinar,, 2006)

Empirical models derive a direcelationship between average moisture content and
drying time but neglect fundamentals of the drying process and their parameters.
Empirical models therefore do not give an accurate interpretation of the important
processes occurring during drying. Howetbey describe the drying curve for the
conditions of the experiment&\kpinar,, 2006) Silva, et al., (2014ajsed several
empirical models to simulate the thin layer drying of whole bananas at temperatures of
40, 50, 60 an@0°C. Their results showed that Page and ®i\ad. models were the best

models to describe the drying kinetics of whole banafdawoye, et al., (2017)
performed an experiment on Modelling of thayer drying characteristic of unripe
Cardaba banana (Ma ABB) slices. The drying kinetics @arbada banana were
investigated using sun and hotdiying at the temperatuef 50 , 6 0.Theand 70
drying rate of theconvective hot air oven was kept constant at £/2.mMAmong the thin

layer models, Wang and Singh model was found to best explain the drying behaviour of
the Cardaba banana slicésacedo, et al., (2020) reged that the Midilli model best
represented the kinetics of the moisture rattihe convecti ve drying
60 |, and 80

The simplest model for describing thin layer drying characteristics of agricultural
products is in the form of the exponahtmodel (Equation 21). It assumes negligible

resistance to moisture movement to the surface of the material and that the resistance to
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moisture movement is concentrated on the surface of the material and is referred to as
60si mpl e | ump e dabalogooskteNewtdn\s law af doolingregbesola, et
al., 2015)

0Y — Ag®o (2.1)
Where0 ‘Yis the moisture ratia) the moisture content at any timé% db),0 the
equilibrium moisture content (emc) at the conditions of the drying air (%dkthe
initial moisture content othe sample (% db)t is the drying time (min), and is the

drying constanta Q¢ .

2.4 Computational fluid dynamics

Computational Fluid Dynamics (CFD) is a numerical approach for simulatingflibud

(Kayne, Alexander, 2012)Computational Fluid Dynamicss a tool for solving

conservation equations for mass, momentum and energy in flow geometry of interest.

Flows and associated phenomena can be described by partial differential egudtiom

are in many cases extremely difficult to solve analytically due to thdimear inertial

terms. To obtain accurate resultse domain in which the partial differential equations

are described, has to be discretized using sufficiently smadl. gricerefore, accuracy of

numerical solutioms dependent on the quality of discretization uglaarafani, 2015)t

allows thepractitioners and researchers to predict characteristics of a systéundjng

flow velocity, presure, temperature and heat trangkayne, Alexander, 2012Many

different numerical methods have also been developed by researchers to use this robust

tool to simulate a wide range of complex flows and heat transfer prolgléosain &

Fdhila, 2015) Increasingly CFD is becoming a vital component in the design of

industrial products and procesgésgle, et al., 2013)AdvancedEngineering methods

suchas CFD are extensly used to solve, desigand model complex industrial

applicationsComputational Fluid Dynamids an effective and powerful tool to simulate

fluid flow and heat transfer numericalffHosain & Fdhila, 2015)Simulation is an

important tool for design and operation control. For the designer of a drying system,

simulation makes it possible to find the optimum design and operating parafiregkes

et al., 2013)According toHosain & Fdhila, (2015 FD methods can be categorized into

t wo maj or ogventomginmse tachso dis@® and fiadcGHFD,enosat ed
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of the methods solve the Nawi8tokes equations either in Eulerian or in Lagrangian
approach. Apart from that, some methods solve tbkzBiann equations instead of
NavierStokes equationsn manyinstances, other equations are solved simultaneously
with the NavierStokes equations.

Different CFD methodkave also been developed by researchers to simulate a wide range
of complex flows ad heat transfer problems. These metreyéshown in figure 2.5The
conventional methods are highly accurate and the most widely used in the commercial
software packages. However, the conventional methods are extremely slow in terms of
computation time wich makes it almost impossible to solve large problems within a
reasonable timgHosain & Fdhila, 2015)Conventional methods may include finite
volume method, finite difference method, finite element method, spectral metibds a
many moreThe Acceleration Methods are furtheategorized into two major groups:
Advanced Numerical Methods and Hardware techniques. Hardware acceleration
techniques are usually used together with both Conventional and advanced numerical
methods. Advaced numerical methods can be classified as Mesh based, Mesh free and
Hybrid methodgHosain & Fdhila, 2015)Classification of various methods in CR®

shown in figure B
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Figure2-6 Hierarchical classification of various methods in CFD (Hossain & Fdhila, 2015)

2.5 Temperature distr

ibution

A solardryer creates an increaseaim temperaturdut a reductionin the airhumidity.

Hence a solar dryer reduces the equilibrium ofstuwe content and increases the free
humidity and drying air velocitgRigit & Patrick, 2010)Rigit & Patrick, (2010) deduced
that heat and mass transfer by natural convection is more suitable for drying pepper

berries with solaradiation. In the natural convection model, the thermal heat distribution

in the drying chamber was uniforand suitable for drying the pepper berries. The

uniform heat distribution at the center of the drying chamber with a range@ré@ém 2 5

to 7 8 . 8 wassufficient for drying the pepper berrige the moicture contertf 12%
wet basisSharma, et al., (199@pund that the predicted plate temperature for no load
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reache maxi mum of 80 to 85 d uroacha 20tkhh e noo
of wheat, t he maxi mum t Bomjp €008)investigatedaas 4 5
indirect solar dryer using a box type absorber colleeterfound also that the maximum

average temperatures inside the collector and drying chamber were @4 @ ,

respectively; while, the maximum obserd a mbi ent t emp aud& ur e wse
Simate, (2017used sliced pineapples to evaluate the performace of a Solar Conduction
Dryer (SCD)and foundthatfor the period of the experiment, ambient temperatuce an
temperature in the dryer ranged front@40 37 °C and 28Cto 46 , respectively.

Madhlopa, et aJ (2002)developed a solar dryer which had compositedies systems
basedn the principles of psychometry. The drgemprisedf a flat plate collectqomwire
mesh absorber, glass cover, chimney and drying chamber. The heater was integrated to a
drying chamber for food dehydration. The performance of the dryeevwasatecby
drying fresh samples of mango. Results showed that the temperature risérgirtyeir
was up tBbove ambientduring noon hoursMinka, (1986)reported that
temperatures in the cabinet dryegre 20 t3@ above ambientemperaturand that

the cabinet dryeshould be usefuh drying a variety of productSchirmer, et al.(1996)
developed a muHpurpose solar tunnel dryehatcould dry up to 300 kg of ripe bananas
in each drying bah. They found that the temperature of the drying air from the collector
vari ed bet we e andthadthebaaamas cobl® be dried Wih 3 to 5 days,

compared to the 5 t6 days needed for open drying

2.6 Governing equations
The fundamental govemmyj equations ofComputational fluid dynamicsimulation
modeling are the NavieStokes equations which were derived from the basic mass

conservation and continuity equations applied to properties of fluids

2.6.1 Heat transfer

Heat transfer is a method in which energy is transferred between two different bodies due
to a difference in temperature between the two. There are three differezg madhich
thistransfer of energy can take placenduction convectionandradiation
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A. Conduction

Conduction deals with the energy transfer from energetic particles to the less energetic
particles surrounding it. This transfer of energy is quantlied Four i er 6 s Law
Equation 2.

N =-E— (2.2)
Equation2-1: Fourier's law of heat conduction

Where N = Heat flux in the xdirection W

E = Thermal conductivityW/mK
4 = TemperatureK

B. Convection
Convection heat transfer is the energy that is transferred between a solid and a moving
fluid, each being at different temperatures. The ratwehach this exchangef energy

occurss s given by Newtondés | awd of cooling, sh
N=h@ -4) (2.3)

Where N = Convective heat fluyv/m?
h = Convecti\e Heat transfer coefficien? 1l +
4 = Temperature of the solid body
4 = Temperature of the fluid bodiK

C. Radiation

Thermal radiation is the energy transfer between two bodies via electromagnetic waves.
This form of energy transfer is exhibi by all bodies, and requires no medium for the
heat tobe transferred. It can even be seen to occur in a vacuum. The amount of energy
that carbe radiated by a surface is given by the St&felizmann law shown in Equation

24.

N=¥A 4 (2.4)
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Where N= Radiative heat flux\W/nm?
X = Emissivity
A = StefenBoltzmann constari.67>p 1t 7 7l 8t

4 = Surface temperature of the radiatingliadk

Here, emissivity is a measure of a mater.i

of a perfectly radiating black surface. This value canedngm 0, a nomradiating body,
to 1, aperfectly radiating black surface.

D. First Law of Thermoghamics

The first law of thermodynamics states that the energy of any system must be conserved.
This means that the amount of energy entering a system must equal the amount of energy
leaving the systenfRajput, 2012) This enegy balance, along with Equations 23,

makes up the system of equations that are used to solve general heat transfer problems.

E. Fluid flow

The material presented in the previous section only applies to a system consisting of solid
bodies in which the is no fluid flow. For systems in whichdre is fluid motion present,

a different set of equations must be introduced that relatieet@danservation principles
thatmust be met by a system.

F. Continuity euation
Conservation of mass must be satisfiedny closed systn. Mass must not be created
or destroyed. The equation governing this principle is knowthesontinuity equation

and isshown below in Equation 2.

— n8M T (2.5)
Where m = Density kg/n?
O= Time

n = Del operator=—E — E —E
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6 = Velocityvector 6 E 6 E 6 E

This equabn can be expanded and becomes,

_ T (2.6)

G. Navier-Stokes gquations

The NavierStokes equations are a collection of théirBensional momentum equations
for any Newtonian fluid. In fluid dynamics, a Newian fluid is one in which thetresses
at each point in the fluid are linearly proportional te #train rates at that pi These
equations ensure that in any system, the momentwoniserved. This mearbat the
total force generated by the momentunmsfar in each direction must balanced by the
rate of change of momentum incbkadirection(Coleman, 2010)The NavietStokes

eqguations are provided below

C

— 8- 1 81 (2.7

H. Energy Conservation
The equation for the conservation of energy is ddrfu@m the consideration of the first

law of thermodynamics:

Time Rate of Change of Energy = Net Rate of Heat Added + Net Rate of Work Done
() - (%) -
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Figure2-7: Time Rate of Change of Energy in a System

With regard to the surface forces (pressure plus shear and normal stresses), considering
the forces in the xy and zdirectiors, the timerateof-change of energy ahe fluid
elements denoted by Equation &.
m$E 4 BPAXITHW HBAXUTH FHxAUFR BGUAHR

PUTR PO RXUUTR hxAQTTFD

FxAUT Rz MNP WP WIHR (2.8)
The energy fluxesN @ Uand N Uin the equation above are ewmgsible through

employmentofFour i er 6s | aw of heat conducti on,

temperature gradieis shown in equation@.
N@ ERMIFANU ERMIAMNU ERMIR (2.9)
WhereQis thermal conductivit Substituting equation (@) into equationZ.8) and with

application of normal stresses, the energy equation is now:

Mm$ T4 TEMITOI hEMIFUIU REMIFUTR; FOD
W TFOFR IR B (2.10)
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The dissipation f unct iherenpergyiequatidretbat viscooe t
stresses have,

E Th&odmwm "RGUIRW RAEUITR REIUTW REUUH
hFGUUOHR Fxz@0UOHW HxzUTHR THxzUFHR (2.11)

2.7 Simulation

Simulation isa mathematical model that describes or creates computationally a system

process. Simulations are our best cogniteresentation of complerality, that is, our

deepestconception of what reality igVallverddl, 2014) Simulation involve the

modelng of the system to be studied. The model may itself be another physical system,

or it maybe a mathematical model.

Simulation softwares come in different forn&OLIDWORKS® Flow Simulation is an
intuitive Computational Fluid Dynamics (CFD) solution amdeneral parametric flow
simulation tool that uses the Finite Volume Method (FVM) to calcufateduct
performanceit isembedded within SOLIDWORKS 3D CAD that enables to quickly and
easily simulate liquid and gas flows through and around your designs to calculate product
performance and capabilitieSOLIDWORKS Flow Simulation takes you through the
steps of creating theCB.LIDWORKS part for the simulation followed by the setup and
calculation of the SOLIDWORKS Flow Simulation project. The results from calculations
are visualized and compared with theoretical solutions and empirical @atasol
Multiphysics software is a geral purpose software platform based on advanced
numerical methods and is used foodellingand simulanhg physics based problems. It

is suitable for electrical, mechanical, fluid flow and chemical applications, among others.
In addition, the user is ablto includetheir own equations that may describe a material

property, boundary, source or even a unique set of partial differential equations. The user

can then create new physics interphases from the equations entered (Comsol, 2012).

ANSYS is a genergburpose, finiteelementmodellingpackage for numerically solving

a wide variety of mechanical problems. These problems include static/dynamic, structural
analysis, heat transfer, and fluid problems, as well as acoustic and electromagnetic
problems. Therare two methods to use ANSYS. One method is to use the graphical user
interface (GUIYNakasone, et al., 2006)
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Omolola, et al., (20150 conductda CFD analysis of a solar dryesing SolidWorks

Flow Simulation They investjated the effect of air flow distribution, flow velocity, and
pressure field on transient moisture within the dryer. Some of the simulation parameters
such as air temperature were accurately predicted, resulting in small deviations of about
0.02%. Their snulation of drying process for the green bell pepperasgasiucted using

the standard turbulence model under steady state condifioulsit, et al., (2019) used
solidworksand presented a numerical simulation of a hybrid sydardryer operated
under foced convection with an air mass flow rate of 0.025kg/s

2.8Energy and exergy aalysis

Energy and exergy analysis (EEA) is useful in thermodynamic for forecasting the thermal
performance of complete drying procesfidaagayat, etal., 2019) In order to find out

the energy interactions and thermodynab®baviourof drying air throughout a drying
chamber, the energy and exergy analyses of the drying process should be performed
(Chowdhury, et al., 2011Yhe energy analysis is based on the conservation of energy
principle which is the first law of thermodynamidtsdoes not provide any information
about the irreversibility and also, it is not possible to find the different energy qualities
within systen and process like the quality of heat which is a function of source
temperaturélingayat, et al., 2019)50, to overcome the problem in energy analysis, the
exergy analysis comes into picture which provides clear idea orabewt the process,

the influence of thermodynamic phenomena in the drying process, provides new
unforeseen ideas for improvement of the system and prd€esls & Dincer, 2009)

Exergy is defined as the maximum amount of wikt tan be produced by a system or

a flow of matter or energy as it comes to equilibrium with a reference environment.
(Bayrak, et al., 2003; Chowdhury, et al., 2Q1HXergy analysis provides information
about differat losses, their types, magnitudes, and location. It is useful for the design of
more efficient thermal systems, its thermal analysis, and process optim{téseli, et

al., 2010; Dincer, 201I)he exergy method camelp further the goal of more efficient
energy resource use, because it enables the locations, types and true magnitudes of losses
to be determined. As a result, exergy analyses can reveal where and by how much it is
possible to design more efficient theal systems by reducing the sources of existing
inefficiencies(Chowdhury, et al., 2011)A number of studies have been performed on
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the energy and exergy analyses of the solar drying process of agricultural products.
Chowdhuy, et al., (2011) performed EEA solar drying of jackfruit leather in a solar
tunnel dryer and reported that theeggy input and exergy loss for the dryer increased
with increasing solar radiation. The energy efficiency of collector and dryer varied
betveen 27.45% and 42.50% and between 32.34% and 65.30% respectively for the
variation in solar radiation between 100/i and 600W/i . The overall energy
efficiency of the solar dryer was 42.47%. The exergetic efficiency of collector and the
mean vale of the exergetic efficiency of dryer were 32% to 69% and 41.42%

respectively.

Lingayat, et al., (2019)eported that bananas got sufficiently dried at temperatures

bet ween 28 and 82 wi t h WhltaX210Wh dnihilet i on
the exergy losses varied from 3.36 kJ/kg to 25.21 kJ/kg. In particular, the exergy
efficiency valuewvariedfrom 7.4% to 45.32%.

Panwar, (2014performed EEA in NCISD dryer during the drying of coriander leaves

and reported the air temperature to have
content of coriander leaves was 7.33 kg/kg of dry basis (dbyvasdeduced to a final

moisture content of 0.8181 kg/ kg of dry basis db in drying time of @gusshMidilli
modelwasfound to be best to describe the drying kinetics. The energy efficiency values

were in a range of 7.81% t037.93%, whebeergy efficieng values were in a range of

55.35% to 79.39%.

Kesavan, et al., (2019)Jeveloped a FCISD which consisted taple-passsolar air
collector with sand as sensible heat storage material. The optimum mass flow rate of air
was found to be 0.062 kg/s. The thairefficiency of thesolarair collector was in the
range of 12% to 66% with an average of 45%. The exergtic efficiency of the dryer varied
between 2.8% and 87.02% with an average of 53.57%.

2.9 Closing remarks

It was notedthat solar drying has a huge @oin crop drying including fruitsand
vegetables due to its capability to maintain quality while reducing the drying time
significantly. From the several classifications and designs of solar dryers in literature,

active solar dryers are more common thanurs convection dryers and this is
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attributable to better and controllable air flow rates in the active systonsgputational

Fluid Dynamics (CFD)is an important tool in the improvement of solar drying
technology.Simulation of air flow and temperatuneay be used to improve the design

of a dryer so that uneven drying may be reduced. Use of actual measurement to facilitate
such design is not only difficult, but it would also be expensive and time consuming.
Studies have been carried out to select ftbeexisting thin layer drying models the one

that best fits drying curves for different products. It was observed that that the best model
not only depended on the product and type of dryer, but also on drying conditions such
as drying air temperature anelgcity. It is thus necessary to select and verify a thin layer
drying model for banana slices in a natural convection diyes focus of thistudy was

on experimentahnd CFDinvestigation of a natural convection solar tunnel fdoyer.
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CHAPTER THREE: METHODOLOGY
3. Introduction

This chapter describes how the entire research work was carried out in ofdkt to
the objectives of the study. It gives a detailed actotiall the procedures and thges

of equipment that were used for ttesearch.

3.1 Description of the dryer and its mode of operation
The fabricated solar tunnel dryer developed®iyerotich, (2016¢onsists of three major
components: the collector unit, the drying unit, and a barel#ae chimney unit. Each

of the unis has been described in detail in the following sections.

3.1.1 The collector unit

The solar collector unit was a flptate type with air flow above the absorber plate while

the cover was a transparent 200 um polythene sheet. The reason for usingetios typ
collector unit is because of their low thermal losses. The absorber plate was made from
Galvanized Iron (Gl) sheet and in order to increase the solar absorptivity of the absorber
plate, it was painted black using mat black paint. The overall dimensfahe collector

unit were 1.0 m x 0.75 m (Lx W).

3.12 The drying unit

The drying unit, adjacent to the collector unit was made from the same materials as the
collector unit and in the same configuration as the collector unit. To provide for the drying

of the product, the drying unit was mounted with a removable wire mesh tray to hold the

product during the drying as shown in Figure 3.2. The overall dimensions of the drying

unit were 1.0 mx 0.75 m (Lx W) while the tray had an effective area of .d%erend

of the dryer unit was mounted with a vertical bare-flate chimney described in the

following section.

3.1.3 The chimney unit

The chimney unit which serves the purpose of reheating the air exiting the drying unit
was a bare flaplate type colledr. The solar radiation receiving surface of the chimney
was painted black with mat black paint to absorb as much of the incident solar radiation
as possible during operation. The dimensions of the chimney were 0.75 m x 0.75 m

(LxW) with an air channel dd.1 m. It was constructed from 0.3 mm thick Gl sheet and
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was mounted vertically adjacent to the drying unit in a N8ahth orientation. The
dryer was supported by four dryer legs 0.6 m above the ground and all the units were

detachable to allow for easgsembly and rassembly for transportation purposes.

Solar radiation

Air passing
through the
chimney

Ten

Air passing collector Heated air leaving Air leaving the drying unit

plate inlet collector the unit

T Teo Ty

—_ — _
Lo e e
| [

PN
Tam
Air entering the Insulation (Styrofoam)
collector unit

Figure3-1 Air flow in the solar tunnel dryer (source: Cherotich, (2016))

3.2 Determination of the temperatures and air velocity

The experiments were ia&d out undetoad conditions that is to saythe banana slices
wasloaded in the drying chamber. From the moisture content resuitsnaha slicesan
appropriate thinayer model which best predicts the drying of the product under the
observectondiions was obtained and validated against experimental results.

3.2.1 Experimental setip

The experiments were conducted on th€ ddd 12" of April, 2022at the Department of
Agricultural Engineering fieldstation workshop at the University Zambia with
coordinates; Latude 15.3°S; Longitude 28.3°Hhe solar tunnel dryer was positioned
on an open flat ground surface outsidewlekshop undenatural conditions during the

experiments. Figure-2 showsthe experimental setup.
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Figure 3-2 Experimental setip of the solar tunnel dryer and the equipment (1) Collector unit, (2) Drying

unit, (3) Bare flatplate chimney unit, (4) Solar pyranometer, (5) Data logger, (6) Computer.

A multi probe Campbell Scientific &t data logger (model: CR 1000) was connected

to the solar tunnel dryer to record the air temperatures and solar radiation. The data logger
recorded the air temperatures through thermocouple type temperature probes (model: 108
iL and accur aclge temperathir® prébés were capable of recording
temperature ranging betweéeh and Th®drtemperatures recordegre:the
ambient air temperature 4d), the collector air inlet temperaturé (), the collector air

exit temperature4 ), thedrying unit air exit temperaturd () and the chimney air exit
temperature4 ). These recorded air conditions iegtwith thetime of the day and they

define the drying of the product.

The collector air inlet temperature was recorded using avelatemperaturdiumidity

probe (model: HMP6Q) that was capable of temperature and humidittheranges of

-4 0 to 60 and 0O and 100 % respectively,
by a pyranometer (model: CMR§ placed on a flat horizontal ground surface near the

solar tunnel dryer. Finall the ambienvelocity (6 ) and inside the chiney unit 6 )
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was measuredsing a digital air flow meter (model: TES 1340) that had an accuracy +
0.01 m & for air velocities between 0 and 30 th s

3.2.2 Determination of the initial moisture content of bananas
The procedure described below walidwed to determine the initial moisture content
(Mo) of banana.

i. Ripe banana whose degree of ripeness was not determined experimentally but
based on the fact that it was ready and acceptable for consumption by the
consumers was purchased locally fromrierkets

ii. Using the standard method of moisture content determini@AC, 2005)
described in steps (iV) (viii ) the initial moisture content was determined

iii.  Bananas warpeeled and sliced into approximately 3 mm thicknessgusitable
knife.

iv. A clean empty petri dish with known weight was loaded into an oven at 105°C
for 3 hoursand left to coal

v.  Thebanana slicewereput into the petri dish iny) and 10 g was weighed from
a digital weighing balance (model: PE 3000, accyra0.1 g). The weight of the
dish and sample was recorded as)

vi.  The dish and sample were then loaded into the oven and left to dry for 3 hours at
105 °C

vii. At the end of the 3 hours, the sample in the petri dish was left to cool and then
reweighed fothe final dry weight7 ).

viii.  Using Equation (3.1), the initial moisture content was calculated in wet basis
(w.b.).

0 prmb (3.1)

b) - #&A S pmiTPp (3.2)

3.2.3 Determination of moisture removal rate
Moisture removal rate ialso called drying ratélo determine moisture removal rate

(MRR), moisture loss in each dryirexperiment was calculated from the difference
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between the mass dfanana slicebefore andafter drying, weighed using a digital
balance. MRRwvas determined using eq. (Beéhd can beefined as the mass of moisture
lost during a drying session of timddr every unit mas®f wet banana slicesr the
amount of evaporated moisture content over tifhe.calculate the dryingate the

following formula s used Dhanushkodi, et al., 2014)
0oo0yY —— (3.3)

Where,
0 is mass of sample before drying in kdgs drying period in burs and0 is mass of

sample after drying, in kg.

3.2.4 Procedure of the banardrying experiments

i.  Forthe experimental setup, ripe banana were purchased from a suplplisaka

industrial area on an evening before the day of the experiment and kept under

room temperature overnight.

ii.  Starting at 08:00 hrs on the day of the experiment, the equipment was set then

bananas were peeleliced into approximately 3 mm.
iii.  They wereplaced onto aquare polyethylene nets for the purpose of loading in
the drying unit ando prevent them from sticking to the wire mestay).
iv.  Thesquare nets containing the banahees were then loaded into the wire tray
located in the drying unit, &hentire wire mesh was covered by a square hetev

the bananas were evenly spread with as shown in FigBire 3
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Vi.

Vil.

viii.

Figure3-3 Solar tunnel dryer loaded with the sliced bananas

On the fisst day of the Experinmg, the setup of the equipment and preparation of

the product was complete and the drying of the product stditedexperiments
conducted between 09:00 hours and 16:00 hours due to the abundance of the solar
radiation in this period of the day.

Throughthe data logger, air temperaturé®e collector air exit temperaturec),T

the drying unit air exit temperatured)Bnd the chimney air exit temperaturenf;l

the solar insolation were recorded as the drying progressed until the end of the
experimentatay (16: 00 burg.

Drying was resumed the following day by unpacking bamanafrom the
polythene bag and reloading into the dryer

On the second day of the Experiment At 09:00 hrs, thesef the equipment

and the drying of the product continued.

3.3 Simulation procedure.

A 3-D model of solar tunnel dryer geometry was created using solkswersion 2016
CPU Type: Intel(R) Core(TM) i55300U CPU @ 2.30GHz, CPU Spe@@95 MHz,
RAM: 3970 MB, Flow Simulation 2016 SP0.0. Build: 32&%ults provides sti€ient
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practical information to identifying the low temperature spot of the system and
consequently thisvould be useful foimprovement of the dryer designdass flow rate
andpressure (static and total) boundary conditiese specified at models' iats and
outlets. Steady stateReynoldsaveraged 3D Naei-Stokes equations using thelk
turbulencemodel were selected to carry out computation as it produces accurate and
satisfactory resultsThe 3D Model of thesolar tunneldryer used in the simulatiors
shown in Figires3-4 and 35 .The following simulation procedulelow wasused in this

study.

3.3.1 Design andnodellingof the solardryer system

The design for the natural convection solar tunnel dryer presented in this research was
provided by thédepartment of Agricultural Engineering at the University of Zanainie

is described in section 3.Zhe solar tunnel dryemodel supplied was developed in
SOLIDWORKS, a compuatr-aideddrawing (CAD) software

Figure3.4 and figure3.5 showthe overall desig of thedryer system which consists of
seveal componentsveredesigned using SOLIDWORKS, éh analysedand simulated
using SOLIDWORKS flow simulatian

_ Air exit vent

Drying unit
_ Bare flat-plate chimney unit

Air guide

\\\ Collector unit
\ \

——————— Trasparent Cover

Air inlet vent — ___ Dayer legs (x4)

Figure3-4: Solar dryer components
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0.6m

Figure3-5: Solar dryer component dimensions

3.32 Kinetic modelling of fluid movement
After the design, the kinetic modelling of fluid movement inside the dryer and of the

bananas were performe8ome assumptions made imslation were:

1 Air flow is laminar.
1 Heat conduction takes place under steady state conditions.

1 The solar collector and the chimneceive the same amount of insolation.

A. Flow simulation
After the project was generated, the entrance data (articldge girbject tree), were

defined to develop the simulations which are described below:

B. Project setup

Datarelated to fall of pressureasainct i on of tOE& )fatespecifiedf mas s
starting from the results obtained experimentally. The project is created to develop the
simulation with the use of Compitonal FluidDynamics (CFD), in Simulation of Fluid,

where the followinglata are defined:

1 System of units: The International System of Units is declared;

35



1 Analysis type: an internal analysis is selected because the air flows inside the dryer,

excluding the cavities without conditions of flow;

1 Fluid: Air, selecting the aomatic option of behaviour, either laminar or turbulent, as

characteristics of the flui@n this case laminay)
T Wall conditions: Adiabatic;
1 Initial conditions: thermodynamic parameters of pressure and temperature.

1 Resolution of the results and theognetry: it is declared as an automatic configuration,

a level similar to 5 for the geometry of computational mesh.

3.4 Setup

3.4.1 Projectdesigntree setup

The SolidWorks Flow Simulation design tree provides a convenient specification of
project data andiew of results. It also allows to modify or delete the various SolidWorks

Flow Simulation features.

A. Computational domain

The area around the 3D and 2D models, which defines the flow simulation the restricted
area, is known as tl@omputational DomairThis defines the boundary under which the
flow simulation will take place. The flow and heat transfer calculations are performed
inside the computational domain. The computational domain is a rectangular prism for
both the 3D and 2D analyses. The compaiteti domain boundaries are parallel to the
global coordinate system pland$e icon Computational Domain is used to modify the
dimensions of the volume that it is beiagalysedand it allows visualizing the limits of

the computational domairable 3.1and Figure 3.6 show the size and visualization
respectively othe computational domain used in the simulatibable 31 shows the

coordinates of computational domain size.
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Table3-1Computational domaiBize

X min 0.345m
X max 1.091 m
Y min 1.037 m
Y max 1.789 m
Z min 0.442 m
Z max 2.546 m

Figure3-6: Visualization ofcomputational domain
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B. Material properties

The parameters used in the siation study are shown in Table23

Table3-2 Material properties

Parameter Value Units Source
Banana dimension (D x h) 30x3 mm In this study
Initial moisture content 73.8 %w.b In this study
- Ripe banana

Initial Equivalent porosity 0.83 - (Ni, 1997)

- Ripe banana

Thermal conductivity

- Ripe banana 0.97 W/m K

Density

- Ripe banana 870 Ed (Udomdejwatana, 1994)
Specific heat (Cp)

- Ripe banana J kg K 3430 J/kg K

Ambient pressure 101325 Pa In this study
Polyethylene Cover

Density 915 Ed

Thermal conductivity 0.33 W/m K | (Roman, et al., 2019)
Emissivity 0.9 -

Specific heat (Cp) 1900 J/kg K

Single layer polyethylene

Transmittance 85.7 % (Michael, 2014)

Galvanized iron

density( J ) 7,870 Ed

Thermal Diffusivity 84.18p 1| | FO | (Kumar, et al., 2019)
Specific Heat ( Cp ) 896 Jikg K

Thermal Conductivity ( k) 204.2 W/m K

38



C. Boundaryconditions

The amount and type of boundary citimehs varies from case to case depending on how
the physical geometig built. Regardless of which boundary conditiechosen there is
usually no need to further edit the boundary conditsance the default usually are
sufficient for all specificatios. A boundary conditioin SOLIDWORKS flow Simulation

is required in any place where fluid enters or exits the model, excluding openings where
a fan is specifiedBoundary conditions are used to specify the fluid characteristics at the
model inlets and olgts in an internal flow analysis or on model surfaces in an external
flow analysis (SOLIDWORKS Corporation, 2010)The icon Boundary Conditions
allows establishing the parameters to the fluid, in the entrance or exit of thatational
domain.A boundary condition can be set in formRyessure, Mass Flow Rai¢olume

Flow Rateor Velocity. You can also use tHgoundary Conditiordialog for specifying
anldeal Wallcondition that is an adiabatic, frictionless wall dR@al Wdl condition to

set the wall roughness and/or temperature and/or heat conduction coefficient at the
selected model surfaces. For internal analyses Mait conduction in solidsnabled,

you can also set thermal wall condition on outer model walls byfgperanOuter Wall

condition.

I n this study the boundary conditions in
surfaces (top cover, floor, and sides) were considered to-Bpnwalls for the purpose

of fluid flow analysis.These surfaces aldmdadiabatic considerations. Tha&p cover

had a boundary condition to simulate incident sunligian the dryerThe collectorwas
modelledwith a radiation absorptivity of 0.65 and an emissivity of Qdiaracteristic of
roughgalvanised irorfThe Engineering Toolbox, 2003)he plastic covemaking up the

dr y er 6was modetiedd to have a transmissivity of 0.8Ghe aerage light
transmissivity fopolyethyleneplastic film (Sangpradit, 2014hemodelgeometry was

characterizedby a laminarl ow regime

D. Porous nedium
In this studythe banangawereconsidered as porous media in the solar tunnel dryer. The

porous media is modelled by the addition of a momentum source term to the standard
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fluid flow equations such as conservation of energy, momentum and moisture transport

equationFor this simulation study, the banana porosity was assumed tmbeuat

Banana slices
(porous medium)

ol
X

Figure3-7: Arrangement of the bananas &e tmesh

Figure3-8: Porous medium in the solar dryer

E. Engineering gals

The icon Engineering Goals allows defining what parameters are of interest in order to
reduce the time of calculation when reachthg convergence of the solution and to
influence in the stop criterion. In this stydgmperature, velocity and humidity were

considered
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F. Meshing

The process of subdividing machine elements into an organized set of nodes and elements
is called meshingor creating a mesh, aamodel of he component to banalysed As

implied above, mathematl solution of a CFDanalysis depends upon sets of
simultaneous equations that describe small displacement at the element level. Therefore,
subdividing a model it a continuous set of nodes and elements, i.e., meshing a model,

IS a necessary prerequisite in the solution process. Fortunately within SOLIDWORKS
simulationmeshing occurs automaticalljhe operation can be also useful to define the

motion of the sy&m and analyses of simulation.

The icon Local Meshes allows diminishing the size of the computationahidam a
specific region of thelomain for the sake of reaching bigger precision of the results in
this region.In order to avoid any numerical probis further on in the CFD process,
where the meshes are run through the flow solver, it is most desirable to have mesh with
high quality. This decreases the chances for divergences due to poor mesh quality.
Depending which type of element is considered, BOWORKS Flow Simulation
calculates the quality of the element differently. Generating proper mesh is a must in CFD
simulations since the good mesh helps the CFD solver converge to the correct answer
while minimizing the computer resources expenddte gemrrated mesh used in this

study is shown in figure-9.

@ whole solar wi
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Figure3-9: Generated mshof the ®lar dryer
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SolidWorks Flow Simulation 2016, which is based on Finite Volume Method (Fvéd)
usedin order to obtai the correct simulated results the course of the solving process
the total cell count, Fluid Cells, Solid Cells and Partial Cell58&6831 324003 262828
and173938&espectively were gotten from discretization process and were usealyse

the smulation.

H. Running the flow simulation and check for convergence.

The simulation was run and the process of convergence began. Convergence is an
iterative process. The discretization of the flow field imposes conditions on each
parameter and each paraerecannot reach an absolutely stable value but will oscillate
near this value from iteration to iteration. When SolidWorks Flow Simulation analyzes
the goal's convergence, it calculates the goal's dispersion defined as the difference
between the goal's miamum and minimum values over the analysis interval reckoned
from the last iteration and compares this dispersion with the goal's convergence criterion
dispersion, either specified by you or automatically determined by SolidWorks Flow
Simulation. Once thescillations are less than the convergence criterion the goal becomes
converged SOLIDWORKS Corporation, 2010)

l. Visualize the temperature flow field

Once the calculation finished, the saved calculation results can be viewatherous

ways and in a customized manner directly within the graphics area. The Result folder
features functions were used to view results: Cut Plots (section views of parameter
distribution), 3DProfile Plots (section views in relief representaticBirface Plots
(distribution of a parameter on a selected surface), Flow Trajectories, , XY Plots
(diagrams of parameter behamicalong a curve or sketch), Point Parameters (getting
parameters at specified points), Surface Parameters (getting parametpecifieéd
surfaces), Goals (behawoof the specified goals during the calculation), Reports (export
of project report output into MS Word) and Animation of resitgure 310 shows the

summary ofstages of the simulation process.
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Design and modeling of Defining the Setting the
the solar dryer system |:> Computational I:> boundary
domain conditions

!

Running the :: Meshing, or Specifying the
Calculation creating a mesh <:| Engineering Goal

4

Define cut plots, flow Report the Results,
Load Results, trajectories, surface and in form of report
and analyze Parameters :> - :> .
‘ point parameters, and (MS word), images
(velocity/Temperature) Export graphs (ipeg)

Figure3-10: Flow chart of pre and post processing stages of simulation

3.5 Thin layer modelling of the drying curve

The drying behaviar of bananavasinvestigated experimentally and statistically. The
drying behaviar is governed by the evolution of moisture ratio during the dryragess
Moisture ratio data of banana slices were fitisthg eleventhin-layer drying models

The moisture ratioMR) of banana slices during drying can be calcdlatsng equations

3.4 and 35. However, for solar tunnel dryers, a simplifisaim described by Equation

3.5 was used to calculate thdR. The reason given for the simplification is that in solar
tunnel dryers, the samples being dried are subjected to a varying temperature aed relati
humidity along the length of the tunr(€herotich, 2016)

oY —— (3.4)

by — (3.5

Where; M and 0 are the moisture contents (w.ka) timet during drying and at

equilibriummoisture conterntespectively
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The MR resultsfrom experimental datasets usiBguation (%) were fitted into 11
empirical thin layer models aghown in Table 38 using a statistical softwanfdatlab
R2018awhich has a feature callezurve fitting tool ¢ftool) to determine aappropriate

thin layer model for the banana. Thoftool requires a maximum of three input
parameters and include the X data, Y data and Z data. The Métabwas chosen
because of its siplicity and also the robust capabilities of Matlab such as producing

good quality graphics although other curve fitting tools exist.

4\ Curve Fitting Tool - session 2

~rx
BOBEO

] Auto fit

Fit Options..
Weights: (none) v

= 0.03435 (002343, 0.04527)
n= 1.039 (0.8625, 1.216)

R-square: 0.999
Adjusted R-square: 0.9987
RMSE: 0.01156

MoistureRatio1
c o o

Timehr2

Figure 3.11 Matlab R2018ztool interface and the data fitting process.

In Figure 3.11, the input parameters were dingng time on the X data field and MR

on the Y data field. Then various model equations were enfi@recample théMlidilli

etald 'Y @0Qwih Q» o pthe tool therdetermined the model coefficiertisc,

k, andn. The correlation coefficienly , was the primary criterion for selecting the best
equation to describe the drying curve equation. In additiofiYto, the reduced chi
square @ , as the mean square of the deviations between the experimental and
calculated values for the models and the root mean square error arRMSE (vere

used to determinthe best model was established based on treziaritf three statistical
parametersCoefficient of determination’y , Sum of Square Error (SSE) and Root

Mean Square Error (RMSEyhich werecalculated by theftool according to Equations
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(3.10), (3.11) and (3.2) respectively andubsequently plted the preitted MR and
experimental MR adepicted in Figure 31. This process was done for all the models
shown in Table 3. After establishing the appropriate thin layer model, the model was
used to predict th#/R which was compared with the experimt@ MR in order to

validate the model.

Y'YOB 0 0'Y 'Y (3.10)
Y p - (3.11)
YO YO «— (3.12)

Table 33. Banana drying Models

Model equation

Page -2 AGPEO

Henderson -2 AA@GPEO

Modified Henderson -2 AAPPEO AA@bCO AA@DPAEOD
Logarithmic -2 AAGPEO A

Wang andSigh -2 p AOAO

Diffussion -2 AAGPEO p AA@BPEAO
Verma -2 AAGPEO p AA@BCO
Two term -2 pAGPEO OA@BCO

Two term exponential |- 2 AA@PEO p AAGPEAO
Midilli et al. -2 AAGPE® AO

Silvaet al. -2 A W

MR: moisture ratiog, b, c, k, g, h, I, andn: model constantg; time

Source(Omolola, et al., 2015)
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3.6 Performance evaluation

3.6.1 Thecollector unit efficiency

The efficiency of flat plate collector is influenced by many factors such as the size of
collector, geographical location, velocity, humiditgnd the temperature of the
surrounding air(Lingayat, et al., 2017)The collector unit wasaralysed for its
performance by obtaining the collector efficiency which expresses the heat gained as a
ratio of the solar insolation falling on its surfaddéne thermal efficiency fothe solar

collector can be determined Bguation 313

— (3.13)

Where;—&is the collector efficiencyg is the air mass flow rate in kiy/ s, 6 is the
specific heatapacity of the air in J/kg Kj is the area of the collector én andOis

the solar insolation ikV/a .

3.6.2 Thedrying efficiency

The system drying efficiency is defined as the energy used to evaporate the moisture in
the product tvided by the energy input to the dry@havan, et al., 2008The drying
efficiency wascalculated using Equation (3) used for natural convection dryers
(Chavan, et al., 2008)

- — (3.14)

Where— is the drying efficiencyW is the total moisture removed in Kg,is the
latent heat of vaporization of water at the dryer air temperatikJ/kg andO is the total

solar insolation registered for the drying time.

3.6.3 TheChimneyunit buoyancy pressure head

The chimney unit was evaluated for the developed buoyancy pressurgdmeadted
The buoyancy pressure head generatethbychimney can be calculated according to
Equaion (315) (Brenndorfer, et al., 1987)

YO QO " (3.15)

46



Where; Y0 is the chimney buoyancy pressure head éin , g is the acceleration due
to gravity ina i , H is the chimney height in ni, is the ambient air density in
‘0@ and” is the mean chimney air density '@ . Between air temperatures
of 25 and 90 AC, the density of dry air

empirical expression.
" pppopmEBIMOTYY (3.16)

Equations (315) and (316) were manipulated to yieEquation (317) which uses the air
temperatres as opposed to Equationl&.which uses air density to calctésbuoyancy

pressure

o

YO mrino@@y Y (3.17)

By using Equaon (317), the buoyancy pressure head was obtained using the
temperature of the air leaving the chimney unit and ambient air temperature defined

earlierasY and”Y respectively.

3.6.4 Meanrelative deviation

The model predicted results were validated with expanishusing statistical analysis
The prediction ability of the model was tested by statistical measuren reksive
deviation The mean relative deviation gives an idea of the mméeparture of the
measured data to the simulated datee mean relative deviation should not exceed 10%.
The mean relative deviation (MRD) as describecgyation 3.18vas used to estimate
the difference between the simulated results and from the raadeineasured results

from the experiments.

0'YO —B (3.18)

3.7Energy and Exergy analysis

3.7.1 Energy angsis ofMixedmodeSolar Dryer

Thesolar air collectoandthedrying chamber were assumiedhavesteadyair flow and

were analyzed using steady flow mass and energy conservation principles. By mass
conservation principle, the mass flow rate is constdmth means the rate of air coming

in is equal to the rate of air coming out of the sys{dtugi & Chandramohan, 2020)
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B B (3.19)

Where, represents the mass flow rate of &g/§. The subscripts ando represent
inlet and outletrespectivelyBy energy conservation principléerate of energy transfer
by work, heat and mass into the systeraqual to the rate of energy transfer by work,
heat and mass coming out of the systBot.a sentence here refering to Equation (3.20)

and (3.21).

BU BU (3.20)

0 B E — aQ=B E — ¢4Q @ (3.21)

Where,Q is the net heat transfer to the syst&itis net work done by the systefn, 0
andz represent enthalpy, velocity and heigtgspectivelyfrom the datum of air. There
is no work done by the dryer. The differermetween kinetic and potential energies of

the dryer isvery small and it is neglected.

3.7.2 Energy analysis of solar air collector (SAC)
By applying steady flow mass and energy conservation principles to SAC, the following

equations were obtained from tE&gions(3.21) and 8.22).

B B B (3.21)

0 0 f 0 f 0 f Q  Q (3.22)
Where0 ; is the useful heat supplied bgllector 0  is the heat input toollector
and0 ; s the heat lost frorollector 0  is calculated using;

0 f ab (3.23)

Where, Qis instantaneous solar radiation flux (W) at a given time and s the
area ofcollectorwhich is calculated as 0.f5 .0 ;  (Mugi & Chandramohan, 2020)

is calculated usingquation 3.24

0 ; HoAdKi dKe (3.24)
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Where# is the specific heat of air in kJ/(kgKd), and4 are the temperatures of air at
collectoroutlet and inletrespectively The efficiency of flat plate collector is influenced
by many factors such ads size, geographical locat, velocity, humidity, the
temperature of the surrounding,adtc (Lingayat, et al., 2019)The collector efficiency
or energy efficiency is the ratio of useful heat suppliethiecollector to the heat input
to collectorard is given byequation (3.25)

- i (3.25)

h

3.7.3 Exergy analysisising thesecond law of trmodynamics

The exergy values are calculated by using the characteristics of the working medium from
a first law ofthermodynamicsFor this purpose, the general form of exergy equation
(Chowdhury, et al., 2011; Aherhh980)is employed.

%P AOCHTI OAKTAOCAT OO0T EUK*x OEI T 1 AT O®iI OARDEACU
AEAT ERADQUAAEADOEIOIBET 1
wgAROc 6 4 6006 —O06 6 — UU — Bt t
% & 04 4 144 (3.26)

Where, the subscrigi denotes the reference conditions. There are variations of this
general exergy equatiolm the analysis of many systems, some, but not all, of the terms
shown in Egation (326) are used. Since exergydrergy available from many sources,

the terms can be developed using electrical current flow, magnetic fields, and diffusion
flow of materials. One common simplification is to substitute enthalpy for the internal
energy and terms that are applicabler steady flow systemsEquation (36) is often

used under conditions where the gravitational and momentum terms are neglected. In
addition to these, the pressure changes in the system are also neglected bexause of

z in this case, Beption(3.26) becomes:

wIAOECU# 4 4 41+ (3.27)
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Applying Equation(3.27), the exergy inlet, and outlet can be determined depending on
the inlet and outlet tempetat of the drying systems. However the exergy loss

throughout the cess is determined by &ation(3.28).

%NWBADEC DDA BGT UEI PoBADOD Al T x

BU BU BU (3.28)
Exergy calculation for collector

The exergy inlet or inflow forhte collector is stated as Equationd9).

% | # 4 4 41+ (3.29)
The exergy output for the collector is stated asdfign(3.30).

% | # 4 4 41 (3.30)
The exergy of solar radiation for collecttan be expressed by E&afion (331).

% % p — - — ! (3.31)

Thesurface temperature of tieu n i s (NASA5 ZD2ZR) and this is the value used

in this analysis.

The exergy efficiency of the solar collect®éy, o6 : ¢S the ratio éthe increase in air

flow exergy to the exergy input into the collector from solar radiat¥@ ; ;g QS
givenby Equation (332) (Simate, 2021)

%) — (3.32)

3.7.4 Exergy calculation for drying chamber
The exergy of air entering the drying chamb@rw is the same as that camgi out of

collector.

The exergy inflow and exergy outflosf the drying chambeare determined using:

Exergy outflow for dryer can be expressedelyation (B3) and (334):
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%60 i # 4 4 41 = (333
%60 i # 4 4 41 (3.39)

The exergy losses can be deterrdinging equatiof3.35).
BU BU BU (3.35)

The exergetic efficiency is defined as the ratio of the exergy outflow to the exergy inflow
for the drying chambe(Karthikeyan & Murugavelh, 2018)Considering this, the

exergetic efficiency of the drygnchamber can be determineg equation (36)
%@ A O @AEEEA EQA T-AU—— (3.39

3.8Closing remarks

In this chapter, the materials and methods specific to each objective were presented. The
study area and the period in which the study was conducted have been indicated.
number of tools and softwares used to carry out the studyatswvéeen mentioned such

as SolidWorks and Matlatftool. Photographs have been used as much as possible
communicate the experimentatocedures as they carry more clarity than waad

finally, equations used fagvaluating the energy and exergy hdesn described and

presented.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS
4. Introduction

The solar tunnel dryer modesedto simulate the temperature and airflow distributions
was developed using the methodology described in the previous chaptés.dnapter,
the simulation results of thenodel are presentedhencompared and validateabainst
experimental results. The experimental resultsiaeel for subsequent energy and exergy
parametric study. The results of the comparisons and the parastetiycare presented

in this chapter

The chapter covers tHellowing in detail;the loadexperimets results the solar dryer
model simulations, the dryer model modificationCFD and performancevalwation

energy and exergy evaluatitren finallysomeclosing remarks.

4.1 Heat transfer analysis

4.11 Temperature distribution

To determine the thermal behami@f the collector and dryer various data were measured
throughout the experiments. For the performance analysis, sliced fresh bananas were
dried for 2 days.

A.Day 1
The variations of the air temperature and solar insolation under which the bamaeas

dried on the first day of the experiment are shown in Figure 4.
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Figure4-1: Air temperaturesnd solar radiatioron the Day 1 of the drying Experiment

Thepattern othe calculated averagé temperaturgaluesat the beginning of the drying
showedhat4 was greater thah ,4 and4 at start of the drying until after 30hrs
when 4 is seen to decrease and the temperature in the drying chdmlgegreater.
This temperature difference observed betwkerand 4 was due to the heat mass
transfer process during which the heated air from the collector odtlgticked up
moisture from the product and resulted in heat loss from the air to the product and
moisture from the product to the air (drying proceds).about 10:30hours all
temperatures experiencedealuctiondue to a decrease in solar irradiatiorhé time.A
maximumaverageair temperature of 5@1°C was recorded at the collector ufiihe
drying process showed minimaburly drop in air temperaturd to 4 of 1°C and
below. The average temperature values 4or, 4 , 4 , andl , were obtained as
27.67°C, 49.3°C, 49.4°C and 38@respectively. Theatlossedn the dryemay have
been due to imperfect insulation. Ambient tempeetanged between a low of 24.1 °C
and a high of 3Q °C before a slight reductioithe chimneywas also paintedith matt
black paintto heat theexiting air even more and enhance the buoyant flow dbaiit
was observed that the temperature of the chimney drdppesithanthat of thecollector

and drying unit, this was due $omeambient ai entering through the exhaust vent of the
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chimney Additionally the back of the chimneayhich was not painted with matt black
paint to absorb more heat insulatedcould have also contributed the fasterdrop in
temperatureT hi s woul d s himney etfeatwimereliy trappin@ evarm air in
dryer which could only escape slogndy transmission throughe cover or by convection
through the dryer wallsThe product thus stayed longer in warm low humidity air and
drying on Day 2resumed with very litd moisture gain This observatiorwas also

reported by Berinyuy, et al., (2012).

B.Day?2

On the second gathe resulting pattern air temperatures shows that was greater
thad ,4 and4 throughout the dryingmcess as shown ingiire 4.2.This is
expected since less energyied forevaporation as the banana slices are in a period of
lower drying rates. fere is a slight drop in temperature fréme drying chambe#d to

the chimneys was recorded as the exhaust air theved through the chimney after
heat and moisture exchange with the drying prodilibe temperature of air at the
chimney exit was lower than the temperature of the air exiting the drying chamber and
entering the <chi mney Thedroa m aratengeraugeewaso f
unexpectedecausehe chimney, as bare flat plate solar Bector, was expected to
continue heating the air from the drying unit thighertemperature. This phenomenon

of drop in temperature at the chimney unit could be explained by the high thermal heat
losses associated with a bdla plate collectorgEkechukwu & Norton, 1997)A
maximum air temperature of 81&3 wasrecorded in the drying charer at a solar
insolation of 934.8 W/i  around 12:0thrs while a mean collector tengrature rise
above ambient of 28°8 was regigred at a mean insolation 626.97W/i . After

12:00hrs solar insolation takes a downward trend, again with intermittent rises and falls.
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Figure4-2: Air temperatures on the Day 2 of the drying Expeimn

4.2 Relative humidity

The Relative Humidity of air changes as the air moves through the dryer from entry at
the collector to the exit at the chimney as showfigure 4-3. It can be seen that the
relative humidity in the drying chambeéy (O) is higher than that at collector exit (O

because the air picks up moisture from the product in the drying chamber
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Figure4-3: Variation of relativeHumidity and Solar Insolation dumj the banana dryingxperiment

The increase inambient temperature caused a decrease in ambient relative humidity
accompanied by a sharp decrease in the collector and drying unit relative humidity. It was
noticed that, the ambient RH was always highen ttie collector and drying uniRH

due to increased temperature inside the solar tunnel dilyelambient relative humidity
varied between a minimum of 16% and a maximum of 3@%e the drying unit RH
varied between a minimum of 4.63% and a maximum @&@% There was a significant
difference of 13.55% in relative humidity inside the dryer compared to the ambient
relative humidity.Mkhathini, et al., (2018) reported thilie lowestrelative humidity in

the solartunneldryer occurred ainid-day. This canbe compared téigure 4.3which
shows thathe lowestelative humidity wast 12:00 hourdt was observed thassolar
insolation decreasedfter 13:00 hars there was an increase relative humidithe
decreaseén solar insolatiorled to a decrease ambient temperature causiag increase

in ambient relative humiditgccompanied by slight increasi the collector and drying

unit relative humidity The averagealrying unitrelative humidity was 7.746 which is

good and sufficienfior drying.
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4.3Moisture contentchanges with time

The detailed exerimental setup and procedure used accordir§QacC, (2005) br
determining the initial moisture content have beexplaned in chapter 3.A
thermostatically controlled hot air ovewas used The initial mosture content othe
bananasvas found to be 73% (w.b.)which is comparable to initial moisture contenft
73% determinedby Huselstein, (2016)Kamlesh & Nimesh, (2016yvho determined
ranges of about 72% to 77% (W.) andAbano & SamAmoah, (2011) off'5% to77 %
(w.b.). The initial moisture content was reduced to ffimisture contents of between
4.39% (w.b.) in 13hoursin the 2 days of drying the produgs shown irFigure 44.
After reaching the final moistui@ntent of 4.3%6 (w.b.), any furthedrying resulted in
no further weightoss, hene moisture content of.39 % (w.b.) wasconsidered as the

equilibrium moisture content.

From Figure 44 it can be observethat he moisture content of the banamesreased
continuously Thetotal drying time was13 hoursto reachthe final moisture content with

7 hours beingthe first day of drying because a typieaperimentwasdone from09:00
hoursto 16:00 hours (7hours period).The product washen kept in a polyethylene bag
at the end ofhe first dg of dryingunder room temperature to prevent any moisture loss

or gain to the atmospherandthen dried for the last Roursperiodon the seconday.

The moisture removal ithe first six hours of dryingvas higher du¢o availability of
more free moistre onthe surface of the bananas. Some of the heat eneagyused to
evaporate moisture frome surface while remaining increased the interior temperature

of the sampleln the laterhours thanoisture removal was low due to less free water.

The final noisture content of the dried bananasthis study was comparesell with
whathas been reported guiouslyby Bowrey, et al., (1980yho reported thabanana
weredried to less than 20 %nfal moisture conterdbserved at slice thicknesses of 1 to
4 mm and selected banana slice thicknesses of 3 and 4 mntiasabfor enclosed solar
drying. Huselstein, (2016) alsdried bananas over a two day period to a final moisture
content of 8%while Nguyen & Price(2007)reported dinal moisture contetnof 14%.

At 4.39% finalmoisture contentecorded in this experimernthe dried banana have a

longer shelf life becausa reducedmicrobial activity which spoils the product
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Figure4-4 Banana drying curve

4.4 Airflo w

Theairflow through the chimnewas measureat a specific poinfmid-point)in the dryer
chimney As theair in the chimney expanded due to solar heatingecamerelatively
lighter. It roseout of thechimney outlet ventdrawing the cooleambientair into the
tunnel dryer through the inlet vent. This pull effect Wather complemented by the push
effect from theambient wind.The ambientwind speed varied betweer20n/sand 6.4
m/s. The results of measurement indicatiedt airflow through thechimney varied
throughout the drying period’he hourly velocity through thecentreof the chimney
varied from 0.06 n¥ to 0.16 m/s which can be converted to give mass flow values of
0.0054 kg/do 0.012%g/sduringthe drying experimeniThe values were fa collector

of 1m x 0.75 m and a chimney cressction of 0.75 m x 0.75 nit. was estimated that
the averagairflow through thecentre ofthe chimney was about 0.181/s during the
drying experimentOthieno, (1987used a collector of 2 m ¥ m and meaged the air
velocity through thechimney crossection of 0.2 m 8.2 m. He obtained air speed of
0.05 to 0.3 m/svhich can be converted to give mass flow values of 0.0021 to 0.0123 kg
Themeasuredelocity through theentre of theehimney is shown ifrigure4-5.
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Figure4-5 Velocity through the solar tunnel dryer chimney

4.5 Simulations

SOLIDWORKSflow simulationwas used tgimulatethe temperature distributionside

the solar tunnel drydrased on salr insolation Thefluid temperature flow trajectories
inside the solar dryefor houtly intervak of time is depicted inFigure 4-6. The
simulations were done while considering the porous medium (banandsdmbient
temperatureThis simulation was seelq to define the contours for the temperature and

the velocity for the air inside the tunnel dryer.

45.1 Temperature

The variation of solar insolatidnom 09:00hours to 16:0thours significantly affects the
tunnel temperaturas because it is dependentthe solar insolatiorThe temperature of

air adjacent to the collector plate increased as visualized from the figures. It can be also
noted that the temperature at various locations of the dryer were different at any given
time. The solar dryer temperate was increasing steadilyith increase in solar

insolation
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Figure4-6 Simulated temperature flow trajectories

Figure 4.7 shows temperature cut plots. From the visualization of air temperature
distribution across the collector and drying unit, it can be noticedhbkanaximunheat

gain is at the collectaandthis is a similar trend as observed from the experiment. The
air temperature nedinewall is slightly lower compared tihat at the centref thedrying
chamber. It is due to the shortest path followed by air to exit of the tiryers observed

that though the chimney was also receiving solar insolation there was soroEHeas

from the air passing through the chimney which could havenlzkee to the ambient air

entering through the exhaust vent.

The results of simulation revealed thlag average drying air temperature at collector

anddryingunitwas o be 56. 71, respactvelypét the tBmperatures the

coll ector and drying unit crespectdelygo as hi gh
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Figure4-7 Temperature cut plots
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Figure4-8 shows that tsurfacetemperatureontoursat themiddle of the collector had

the highest temperature aideduced as the contouggewawayfrom themiddle of the
collector The red colour around the middle area indicates that there was little to no heat
loss withtemperature of 57.4& around that region, as it moves towards the edge of the
collector it shows a mixture of colours showing little heat loss at the édys.
demonstrates that, the energy impacting on the materials used in the dryer, is absorbed

and ths facilitates the increment of temperature inside the tunnel dryer.
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Figure4-8 Surface temperature contours at collector

45.2 Airflow rate

The simulation results Figure4-9 showthe velocity trajectoies of the airflow n the
solar dryerbased on solar insolatioiihe velocityincreases towasldthe exit §himney
exhaust vent)This behavioumwasexpected, since the flogrosssection decreases in this
direction.The inlet and outlet regiordepict thehighest velocity and this as a result of

the openings at both ends. Also, itsx@bserved that airflow velocitgwards the drying
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unit producel the lowest velocity profilebecause the tray (wire mesh) angorous
medium (banana sliceajrangement gjhtly obstructed airflow stream across the drying
unit within the tunnel dryeas depicted by the contours in figufde resultshowed air
velocity flowing at araverage of @34 m/s.
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Figure4-9 Velocity flow trajectories

Figure 410 shows velocity cut plots. The hottest air coming out of the collector forms a
recirculation region before flowing to the dryinmit. It wasalso observed thasome
ambientair was flowing into the chimneythrough the exhai ventthis resuled in
decrease iremperature of the air flowing through the chimn€lyis flow pattern is in
agreement with the crosectional temperature distribution plotted in Figurésahd 4
7.The contours for the velocity are shown in tigure 4-10; they make itpossible to
appreciate the homogeneity of ttenperature through the solar dryelowever it was
observed that thenwasa decrease of the velocity in some partghe dryer This was

due to the loss ithe velocity of the flux prodred by the solids inside tikeamber, which

produced a uniform elevation of the heat.

With respect to the velocity, it was observed that the variation on the mesh of the drying
unit, favours the velocity near the inlet. Hence, it was appreciated tHasthgeces of

fruit on the wire mesh, take the majority of the turbulence and backflows. However when
it reached the first bananas at a distance of 1.25m from the inlet, its velocity dropped
sharply to almost zero on the sides of the drying unit. Thishmae been due to the static
resistance to its flow within the wire mesh and product. As the air left the drying unit, its
velocity rose sharply, but did not reach its initial value, stabilizing at about an average of
0.055 m/s in the chimney. This coudd attributed to the loss of some of its kinetic energy

as it overcame the resistance to its flow through the wire mesh and product. Thus, air
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velocity at the point on the wire mesh furthest from the air inlet is less than the point
closer. This agrees withe observations by Miskd al (2013) that air velocity decreases

as distance from inlet increases.
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Figure4-10 Velocity cut plots




4 5.3 Relative humidity

During the experiment relativeumidity within the drying tunnel dryer was not
controlled. It is therefore likely that theambient relative humidity, which is what was
measured, could have affectdte drying rate in the drying unitThe hourly values
ambient relative humidity measured from the ekpent were used as initial inpualues

of relative humidity of air entering the tunnel dryérom the Figure 41 it can be
observed that the relative humidity is dependent on solar insolation. As temperature
increased inside the tunnel dryer there walrap in the relative humidity. From the
simulation, the lowest humidity wasrfthe parameter conditions at:Q@ hourswhich
agreed with the experimental results where the lowest humidity was found to be at the
same particular timeOndier, et al., (201)0reported that lower humidity had greater
potential to increase drying rates than higher ones. They found that lowering relative
humidity at a temperature of 26 reased thdrying ratecompared to doing the same

at 30 and 34 °C. It would otherwiseveabeen expected that drying rate should decrease

as relative humidity increases.
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4.6 Comparison of experimental and simulation results

4.6.1 Drying unit

The comparison aéxperimental and simulation resultdle drying chamber of theolar

tunnel dryer are listed in Rige4-12. The results indicate that the average temperature of

drying air is in good agreement for the drying chamber, dineeaverageéemperature
differencein the drying unitbbetween thexgerimental and simulation was 5 Both the

simulated and experimental results show a steady rise in temperature to a maximum of
73.96 and 70.65 respect i vEegmulattdadsdlto we d |
wereconsistently higher than the experimental results because the simula@et to

be adiabatic while the experimental setup hadesbeat losses through some parts that

did not have insulatian
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Figure4-12 Average simulated and experimental temperatures in the drying unit

4.6.2 Collector

The simulate&nd experimental re#ts of the solar collectayutlet air temperatures as a
function of global solar radiation that weobtained areshown in Figire 413.The
simulatedand experimental results of the solar collector systeowed good agreement
During the experiment, the maximum temperature of the absorber plate was found to be
61.87°C. For the range of high solar radiation, the experimental resultscsadoser

temperature than that of the simulation wh
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heat loss, which is affected by many factors of the surroundings, as the real conditions
are lower than the predicted values. By contrast, with experimenmaixenum air
temperature in the collector was found to be 66.83h@rmal efficiency of the collector

from the simulation was found to be 37.63% which was greater than the efficiency of

33.09% obtained from the experiment.
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m Simulated Collector outlet temp Tca Experimental Collector outlet temp Tcc
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Figure4-13 Average simulated and experimental temperatures at the collector outlet

4.7 Effects ofvarying the oollector and drying chamberlengths through simulation

4.7.1 Thecollectorlength to 1.5m

A study toshowthe effects of varying the collector addying chamber lengthon the
temperature inside the solar dryer was dore dolletor lengthwas increased tb.5m
and 2m (twice the collector lengthyvhile maintaining the width of 0.75m then the
collector temperature, dryinghamber temperature arttie relative humidity were
obtained as shown in Tablel4 The relative humidity of the drying aong the length
of the dryer decreasedpidlyon the solar collectothen increased in the first few meters
along the length athe dryingunit. The minimum value of relative humidity obtained at
the drying unit was 6.4%ncreasing the collectdengh alsoincreasedhe collector
temperature because the area of solar radiation absonatgoalso increased. This in turn

also increased the drying unit temperature. The maximum collector and drying unit
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tempera ur e obtai ned waearee p7eGnliektor efficmty idff@cted

by the intensity of solar irradiance received bg tollector and theemperature of the

collector platgFatimah, et al., 2017When the absorbe pl at eds i ncr easec

was employed the thermal efficiency of the collector was found to be 41.2% which was

much greater than the efficiency of a flat plate collector from the experiment.

Table4-1 Increasing the Collector Length to 1.5m

Solar _ ) ) _
_ Drying unitrelative | Chimney Solar
Time collector o )
humidity and temperature Irradiance
[hours] Temp
temperature [&] [W/m?]
[&]
RH Temp
[%] [&]
10:00 50.8 25.6 48.7 315 543.62
12:00 70.1 6.4 59 36.6 821.53
14:00 50.1 115 45.1 35.5 516.40
16:00 44.9 13.2 40 30.7 239.57

4.7.2 Thecollectorlength to 2m

Increasinghe collector length from 1.5 to 2m showed a percentagease of 8.98% in
terms of temperature for tiéghest solar insolatioof 821.5F i . This increase in the
collector area reveedl a collector efficiency of 43.67%he temperature aneblative
humidity showed an inverse proportion because if the collector temperature increased,
the tunnelelative humidity decreasewnhich agrees with whatkhathini, et al., (2018)
found The incrase in temperature of the collector led to increase in the drying unit
temperature as well'’he collector anddrying unit temperatures maximum temperatu

of obtained wWerme 7 &.sPphe Simuladecti@sylts are as shown in
table 42.
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Table 4-2 Increasing the collector Length to 2m

Sol ar _
_ _ ~ |Chi mney | Solar
Time c ol | ed Dryingchamber relative _
o t e mp e r a{lrradiance
[hours] Temp humidity and temp
[u] [Wim2]
[&]
RH Temp
[%] [&]
10:00 55.6 11 50.2 37.3 543.62
12:00 76.4 4.4 64.6 39.3 821.53
14:00 65.7 7.7 57.7 39.6 516.40
16:00 48.5 10.2 45.2 35.3 239.57

4.7.3 Thedrying unit lengthto 2m

The length of the collector was maintaireim whileincreasinghedrying unit length
at 2m low temperaturew/ere observed in the drying umanging from 32.4C to 46.7C
whichcan lead to low drying ratehere wasn observethcrement ofelativehumidity

at the drying uniwith 26.9% as the maximumlagive humidity obtained. Th8&mulated

results aras shown in tablé-3.

Table4-3 Increasing the drying chamber length to 2m

Sol ar _ .
_ Dryingchamber |Chi mney | Solar
Time coll ec _ _
relative t emper at|lIrradiance
[hours] Temp -
" humidity and temp | [ & ] [Wim2]
H
RH Temp
[%6] [&]
10:00 40.1 26.9 41.3 37.9 543.62
12:00 44.9 14.1 46.7 40.1 821.53
14:00 41.7 18.7 44.2 38.7 516.40
16:00 38.7 21.9 32.4 32.9 239.57
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4.7.4 The Drying Chamber Length 3m

The increment of the drying chamkfesm 1.5mto 3m(Table 44) showed a reduction

indrying charbert e mper at ur e.

The maxi

mum temper at u

821.5F 7l with atemperaturgercentage decreasedf.13%when the chamber was

1.5m. It was observed théte relative humidity was quitéigh with a maximum of

33.9%. The drying rate deeases as thelative humidityincreases in the surrounding

environment at a constant temperature and increases at an increasing temfémture

low temperatures could have attriedtto the large length.

Table4-4 Increasing the drying chamber length to 3m

Sol ar _ _
_ Dryingchamber | Chi mney | Solar
Time coll ec ) )
relative t e mper at]|lrradiance
[hours] Temp o
(4] humidity and temp | [ & ] [W/m2]
o
RH Temp
[%] [&]
10:00 41.1 339 37.3 34.9 543.62
12:00 44.7 211 38.7 35.1 821.53
14:00 42.6 237 34.2 32.7 516.40
16:00 38.3 26.9 30.4 31.9 239.57

4.8 Evaluation of the dryer performance

The collector and dryingnit efficienciesthe buoyancy pressure heaad mean relative

deviation were determined as described in the following sections. The equations

described in chapter the were used to compute each of these parameters.

4.8.1 Calculation of the collector efficiency

The collector efficiency wacalculated using Equation-83 as described in chaptdihe

collector efficiency of 33.09% obtained in this study was similaotzctor efficiency

of 31.5% reported byingayat, et al., (2017ysing a natural convection solar dryer for

drying banana. Other authors lik&herotich, (2016)eported a collector efficiency of

24.7% while evaluating a natural convection solar tunneérdigchiavone, (2011)
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reported a collector efficiency of 29.05% while evaluating a natural convection solar
dryer. From these results we concur withat Cherotich, (2016)nferred, that natural
convection systems are generally characterised by low efficienties difference
between ambient and air heatertetemperatures increased as ftthging process
continued, suggesting that the solar collector iefficy improved astemperature
increased. This is in agreement with result®\iska, et al., (2014)which showed that

collector efficiency was greater at higher temperatures.

4.8.2 Calculation of the drying efficiency

The drying efficiency was calculated using Equation9)3 described in chapter. 3
Brenndorfer, et al., (198 @stimated the typical drying etfency of natural convection
dryers to be in the range of 10 and 15 %. Therefore, the drying efficiency of 13.5 % found
in this study was marginally above the typical lower limit. Higher drying efficiency of
the solar dryers are usually probably due tdiigaer mass transfer offered by the product

in the initial stage and then it reduces the mass transfer after it is dried to a certain extent,
implying that diffusion of moisture from inside the product to the surface of the product

becomes difficult.

Moisture removal rate, however, increasethwrying air temperatur®ahmatinejad, et

al., (2016) showed that drying ratis proportional to drying air temperature. This
conclusions werdrom investigations inMwing productssuch as thymus and mint.
Drying efficiency decreased with increasetemperature possibly due to timeperfect
insulation of the drying tunneDrying air temperature also affects the efficiency of the
dryer.Matuam, et al., (2015) also reported thater efficiency decreases withcirease

in drying air temperature. This also appears to be confirmed according to refitsdyy

et al., (2014)who reported that dryer efficiency increased with increase in air flow rate,

a phenomenon that results in reduced drying air temperature.

4.8.3 Buoyancypressure bad

The chimney is an integral part of the solar tunnel dryer and mounted verataihg
the dryingunit. The chimney is a solar air heat€he chimney effect depends on the rise
in temperature produced in the chimney. The driforge for air is due to the pressure

difference produced by the heating of &igure 414 illustrates the pressure drop in the
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chimney from the mathematical relationship of buoyancy pressure head and air
temperature defined in Chapter 3 (Equatiehi7J.
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Figure4-14 Buoyancy pressure head and solar insolation

With an average temperature ri shebuoyancl 5. 6 2
pressure head ranged between 0.1589 and 0.5836 mwhich was sufficient to drive

the air in the tunnel dryer. For flow to take place in the tunnel dryer, the sereperature

inside thechimney has to beelatively higher than the ambient air temperature. In this

case, there existed a pressure head which created an upward air flow. Therefore the
relation among the buoyancy force that is the pressure drop that dieatais flow,

density difference of the ambient air and the height of the chimney can be visualized as

seen in figure 415 from the simulations.
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Figure4-15 Pressure drop in the chimney

4.8.4 Meanrelative deviationof collector temperature

A comparative study between our numerical results and experimealigictor
temperature results showadgood agreemena mean relative error @&.1% because
maximum discrepancy between numerical and experimentaigelaas not exceed 10%.
Other authors such d8sgne, et al., (2020) found an errordo53% and which is close

to whatwasfound. From the low values of these errors, it can be inferred that the proposed

model can predict the temperature profile insidedtyersatisfactorily.

4.9 Thin layer modelling

Eleven thinlayer drying models were used to fit the moisture ratio as a function of drying
time (Table 3.2 Table 45 presents the results of ndinear regression analysis of fitting
the proposed model® experimental da and comparison criteria uséal evaluate
goodness of fit namelyy ,"Y"Y&ndY 0 YO

Higher values ofY measured how successful the fit was in explaining the variation of
the data and it shows the correlation between the experimental values and the model
predicted values. Thealue of'Y varies betwee® and 1, where a value closer to 1
indicates that a greater proportion of the variance has been accounted for by the model
For"Y"Yend'Y 0 "Y@alues close to O indicated that the model fit was more useful for
prediction Therefore higher value 6f and thdower values ofY"Y&hd'Y U “Yi@dicate

better goodness of fit model was selected to best describe the biehimgourof Banana

slices.
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The Midilli et al and Pagmodelsprovidedexcellent fis to the experimental data with a
value of'Y of 0.9990and0.9933respectivelyindicating a good fit. The values of"Y'O
and’Y 0 "Y'©Obtained from bothmodelswere both less tharD.008335and 0.02753
respectively which were within the acceptableange andbetter reflected drying

mechanim of banana slices.

The results from the thin layenodelling are shown in Table3 The model constants
and the criteria valuedy and the lower values 6¥"YandY 0 "Y&e indicated in the
table
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Table4-5 Thin layer model results

Model

Order
of Best

Model
coefficients

q  SSE

RSME

Midilli, et al

Page

Two term

exponential

Modified Henderson

Silvaet al

Logarithmic

Henderson

Two term

Wang ad Sigh

Diffusion

10

b =0.004843

c =0.9643
k =0.03435
n=1.039

k = 0.05579
n=1708
a=2.15

k =0.3195
a=-72.55
b=7274

c = 0.8946
f= 0.2436
g =0.547

k =0.5517
a=-0.3484
b= 0.3611
a=1.339

c =-0.09611
k=0.1971
a=131

k =0.245

g = 0.2458
k =0.2452
u=0.3117
a=-0.1439
b =0.005285
a=-11.47
b=1.102

k = 0.0656

0.9990 0.001202

0.9933 0.008335

0.9919 0.01005

0.9870 0.01616

0.9843 0.01944

0.9784 0.02679

0.9717 0.03509

0.9717 0.03509

0.9635 0.04528

0.9516 0.05998

0.01156

0.02753

0.03023

0.04805

0.04204

0.05176

0.05648

0.05924

0.06416

0.07745

Verma

11

a=-7.299
g =0.07323
k = 0.06287

0.9349 0.06003

0.07748

Key: 1. Highest 7, and lowest SSE andWSE 1 Most accurate model

11. Lowest ¢, and highest SSE and RM$H east accurate model
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To show the goodness fit by the best model which wase Midilli et almodel, a
plot of experimental MR anillidilli et almodel predicted MR against dryitighe was

made and is presented in Figdré6.

14
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0l ES » MR experimental
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6 . 8
Drying time (hr)
Figure4-16 Experimental and predicted MR model

It can be observeflom figure 4-16 thatthe results showed smooth and good scatter of
the data pointshowingthat the predied and experimental MR companell. This
implied that the Midilli et aimodel can prediatith a high degree of accurattye MR of
banana sliceas drying progresses under similar conditions shown earliggures 41

and 42. Nasri, (2020), results show thathe Midilli model wasthe most appropriate
modelfor banana dryinghoughthere was disparity in the dryers usddoymaz, (2010)

on the other hand fourtle Page and Logarithmic models were found to satisfactorily
describe the thilayer drying kinetics of banana slicesa hot air dryerln another
researciMadamba, et al., (199a@hePage model gave the second best fimehetheless
the modelsin all casesgavethe value ofY which was greater than 0.9@dicating a
good fit Thehigh correlatiorbetween the experimental and predicted moistures &tios
the Midilli et al modelas compared to thether models ascertains the suitability of

usefulnesdor this study.
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4.10 Energy and eergy analysis

4.10.1Energy analysis

The energy analysis of solar drying process of bananaw@snplished by using data
obtained from the experimentatidrigure 417 shows the variation of energy efficiency

as a function of drying timé&.he energyefficiency of tte flat plate collectovaried from

8.7 to 54.9%. The low energy efficiency values seen in the early stages of drying could
be attributed to more energy being used in sensible heating of the collector to bring it to
its operating tempature (Simate, 2021)The energy efficiency was observed to be
increasing even after the solar insolation started decreasing around 13:00Thdairs
implied thatthe solar collector absorbed most of the incident radiationstordd the
energy for raising the collector temperatufee averageollector efficiencyobtained
duringthe experiment was 33.089 which was not significantly different from thgerage
collector efficiency of 38.14% reportetiring Energy and exergy alyses of natural
convection solar dryer for banana dryirfgy Lingayat, et al.,(2019 Mugi &
Chandramohan, (202@ptained an average collector efficiency of 61.49% in natural
convection modeluring the drying of Okralhe efficiency was found to be depkemt

on the absorbed radiations and collector outlet temperatures.
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Figure4-17 Energy efficiency
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4.10.2 Collectorexergy analysis

Variations in collector exergy input, exergy output and exergy loss with drying time are
shown in Figured-18. The exergy output patterns followed the exergy input pattarns
the collectowhich solely depends on the solar radiation which vavigsthetime ofthe

day. The exergy inflow and exergy loss dhe collectorvaried from 1.28J/s to 6.2

The maximum value of exergy inflow was recorded around 13:00hours. Exergy outflow
gradually increases from the morning to midday due to high solar rademtid then
started decreasing in the afternoon. Exergy outflow varied from JBs/1020.39J/s.
Exergy loss as a function of drying time increased till-oag and started decreasing in
the afternoon. It varied from 2.02J/s to 14.19J/s. Tiezame value of exergy inflow,
exergy outflow andxergy loss were 3.39 J/s, 15.57 J/s and 8.18 J/s respectively.
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—e—Exergy infow  —l—Exergy ouflow Exergy loss

Figure4-18 Collector exergy input, exergy output and exergy loss

Figure 419 shows thecollector exegy efficiency plotted against drying tim&he
collector exergy efficiency varied between 0.48% and 2.89% witlivaragecollector
exerg efficiency of1.91 % which was lower than the energy efficiencsasate, (2021)
reportedhe colletor exergy effieencies of 2.4% and 26 for the 10 kg and 5 kg loads,
respectively in an Indiredflode Natural Convection Solar Dryer for Mai2dugi &

Chandramohan, (2020) reporieerage collector exergy efficiencies of 2.44% in natural
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convection indirect solar dryemd 2.03% in a forced convection indirect solar dryer

respectively
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—e—collector Exergy effeiciency

Figure4-19 Collector efficiency

4.10.3 Drying chamberexergy analysis

The variations in drying chamber exergy inflow, exergy loss aatggoutlow from the
dryer with drying time are shown in Figude20 It is observed that exergy outflow and
exergyloss in the drying chambéamncreased during the first 5 hours (until 13.00 hours),
andafter that, it decreaseBhese changes are dependensolar insolation. The average
values of the exergy inflowand exergy outflowwere 1157 J/kg and 5.23 J/kg
respectively Exergy nflow and outflow varied from.31 to 20.39 J/kg and 2.51 to 38.2
J/kg, respectively. Exgy losses in thdrying chambevaried between 0.19 J/kg to 11.50
J/kg with anaverage loss of 5.01/kg.
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Figure4-20 Drying chamber exergy inflow, exergy loss and exergy outflow

The drying chambegxergy efficiency varied from 28.21% 9%.60% with an average of
63.200. Karthikeyan & Murugavelh, (2018)eportedthat exergetic efficiencyaried
between 23.25 and 73.31% with a mean valuel®i12%in a mixed mode forak
convection solar tunnel in drying turmerRabha, et al.(2017) driedghost chilli and
found the exergy efficiency of the drying chamber to be in the range of 21% to 98% with
an average of 63% while for ginger it was 4% to 96% with an average of 47%.
Murugavelh, et al., (2019) using a forced convection mixed mode drygyiingdomato
waste and reported thatergetic efficiency of the dryer varied from 38.53% to 67.58%
with an average of 52.21%xergy efficiency of the dryer decreased with an increase in
the drying temperature. Other researchers reported that exerggrefficlecreases with

increasing drying air temperatuiidilli, et al., 2002; Ahern, 1980; Murugavelh, et al.,
2019)
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Figure4-21 Drying chamber exerggfficiency

4.11Closing remarks

The results and discussions of the study were covered in this chapter. Riglenzdunte

to back up the findings of the study have been provided as much possible. In general, the
specific objectives were met as the banana sliegs dried and CFD simulations done,

also evaluatiotrased on the parameters that were defined in the study.
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CHAPTER FIVE : CONCLUSIONS AND RECOMMENDATIONS
5. Introduction

This chapter presents the conclusions and recommendations drawn from the swdy. Th
conclusions have been presented to reflect the achievement of each specific objective and for

clarity purposes.

5.1Conclusions
o To perform simulations for the evaluation of temperature and airflow
distribution in the natural convection solar tunnel dryer
A Simulations were performed in a designed mixed mode natural convection solar
tunnel dryer using SolidworR916 flow simulation. The mean drying air
temperatures at collector and drying
respectively.A comparative study between the numerical and experimental
results shows a good agreemavith a mean relative error d.1% It was
observed fromhe simulations that the increase in the collector length from 1.5 to
2m showed a percentage increase of 8.98% in the collector temperature also a rise
on the drying unit.
o To evaluate the collector efficiency, drying efficiency and buoyancy pressure by
the chimney
A The performance evaluation parameters for the solar tunnel dryer, lbetaol
and drying efficiencies were calculated afodind to be 33.0% and 13.5%
respectivelyWi t h an average temperature rise
chimney he buoyancy pressure head ranged between 0.1589 and 0.H536
as the chimney air was heated to higher values above ambient to cause enough
buoyancy pressure for air flowhich was sufficient to drive the air in the tunnel
dryer.
o0 To determine an appropriate mathematical thin layer model to predict the
drying characteristic of the banana slices and validate it against experimental
results
A After analysis, the system dried 0.943Kgbanana slices per square metgth

an average mass flow raté around 0.011kg/s. Bananas were dried from an
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average moisture content @8.89% to 4.39% on a wet basis in 13 hours as
temperature reached as high as 70 [

A Thin layer mathematical modelsexe established to help predict the drying of
banana slices and validated against experimental results. Midilli et &agel
models provided excellent fits to the experimental data with a vali¢ off
0.9990and0.9933respectively The values ofY"Yahd'Y O “Y@btained from both
models were both less th@rD08335and0.02753respectively

o To carryout Energy and Exergy studies of the solar dryer.

A From the energy and exergy analysis the average collector effiaening the
experiment was 33.08. The averageollectorexergy and dryinghamber exergy
efficiencies were 1.9 and 630% respectively

A In view of this, the findings of this study conclusively confirm that the natural
convection solar tunnel dryer is well suited for drying of banana slices and CFD

is an efficient tool that can be used in the drying process.

5.2 Recommendations

The following are recomended for further study

1. The solar collector can also be modified to evaluate more effective designs. For
instance, fins can be incorporated to absorb additional heat or different material
compositions can be explored to achieve improved solar collection.

2. In view of the fact that this dryer may be used to dry other product other than
banana slices i.@ineapple, tomato etxperimentation of the dryer using these
products is imperative in order to find the drying time to equilibrium.

3. Another potential studyarea in this constructed dryer is comparison of the
dryer performance for different slice thicknesses of the same product.

4. Another area of study can be cost based optimization of the dryer.

5.3 Closing remarks
This chapter provides the conclusions and rdfeommendations from the study. The
recommendations section has attempted to point out some gaps that nked to

investigated by subsequent researches.
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A p p e n d Tha& banana slices after drying

Photograph of solar dried bananas
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A p p e n d iSample calculationof the heat transfer rate

Assumptions:

Radiation heat losses from the plate areigéué.
Heat losses through the edges of the plate are negligible.
The back of the plate is perfectly insulated. Thus, at sistady, the
temperature of the plate is uniform.
1 The incident radiation, the convection heat transfer coefficient and the

absorptivity of the surface are all uniform over the surface of the plate.

At steadystate, the rate at which heat is transferred into the plate from the sun by
radiation must be equal to the rate at which heat is lost from the plate to the surrounding

air by convection.

wis the fraction of the incident radiation that is absorbed by a surfdmrefore:

N wN

Newton's Law of Cooling gives us the convection heat transfer rate airfaee of the

plate.
Hence
K -
Ycpo
@ L
P G @o Ti
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Appendix IV: The best fitting thin layer models midilli et al and page

models.

1. Midilli et al model

Results

General model:
fl) = cPexpl-k*x*(xAn))+b*
Coefficients (with 95% confidence bounds):
b= 0004843 (0.003542, 0.006145)
c= 09643 (09323, 0.9963)
k= 003435 (0.02343, 0.04527)
n= 1039 (0.8625, 1.216)

Goodness of fit:
SSE:0.001202
R-square: 0.999
Adjusted R-square: 0.9987
RMSE: 0.01156

2. Page model

Results

General model:
fx) = expl-k*x*n)

k= 005579 (0.03853,0.07305)
n= 1708 (1533, 1.884)

Goodness of fit:
SSE: 0.008335
R-square: 0.9933
Adjusted R-square: 0.9927
RMSE: 0.02753

Coefficients (with 95% confidence bounds):

MoistureRatio1

o

MoistureRatio1

o
o

o
I~

o
(3]

o
[

Timehr2

o
=1
T

o
3]
T

=
~
T

02

01

*  MoistureRatio1 vs. Timehr2 | _|

page

Timehr2
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Appendix V: Simulation input and output variables

An average mass flow of 0.0kg/s was used in the simulation.

Input variables

9:00 | 10:00 11:00 |12:00 |13:00 |14:00 | 15:00 | 16:00

Ambient 23.45 | 2553 | 28.40 | 30.85| 32.33 | 31.95 | 31.53| 31.20

temperature

¢ )

Solar insolation 569.97| 543.62 | 674.37| 821.53| 758.66| 516.40 | 422.63| 239.57
Wi )

Output variables

Collector 49.03 | 51.79 | 59.26 | 66.83 | 63.20 | 59.44 | 54.52 | 49.62

temperature

¢ )

Drying unit| 55.12 | 59.70 | 65.34 | 74.97 | 69.08 | 65.61 | 58.04 | 56.46

temperature

¢ )

Chimney 38.78 | 4553 | 56.66 | 58.85 | 59.99 | 55.26 | 51.85| 44.15

temperature

¢ )
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Appendix VI: Approval of Study

SERVICE Lience

THE UNIVERSITY OF ZAMBIA
DIRECTORATE OF RESEARCH AND GRADUATE STUDIES

Great East Road Campus | P.O.Box 32379 | Lusakal0101| Tel: +260-211-290 258/291 777
Fax: (+260)-211-290 258/253 952 | E-mail: director.drgs@unza.zm | Website: www.unza.zm

APPROVAL OF STUDY

IORG No. 0005376
NASRECREC IRB No. 00006465

7™ March, 2023
REF NO. NASREC-2023- FEB - 003

Mr. Maona Mukanema,
The University of Zambia,
School of Engineering,
P.O. Box 32379,
LUSAKA.

Dear Mr. Mukanema,

RE: “PERFORMANCE ASSESSMENT OF A NATURAL CONVECTION SOLAR
TUNNEL DRYER THROUGH EXPERIMENTATION AND CFD SIMULATION OF
TEMPERATURE AND AIRFLOW”

Reference is made to your protocol dated as captioned above. NASREC resolved to approve this
study and your participation as Principal Investigator for a period of one year.

REVIEW TYPE ORDINARY REVIEW APPROVAL NO.
NASREC-2023-FEB. 003

Approval and Expiry Date Approval Date: Expiry Date:

7% March, 2023 7% March, 2024
Protocol Version and Date Version - Nil. 7% March, 2024
Information Sheet, e English. To be provided
Consent Forms and Dates
Consent form ID and Date Version - Nil To be provided
Recruitment Materials Nil Nil
Other Study Documents Questionnaire.

109




110









