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ABSTRACT

Ethiopia has a huge potential for fish production lmses one third of its annual production due
to postharvest losses. Drying is an effective means of reducinghaogést losses which
increases the shelf life of products by reducing the tom@s<ontent to a safe storage lev@lar
energy is the most widely udedm of energy for dryingut the intermittat natureand uncertainty

in the availability of solar energgre the major drawback§ hesedrawbackscan be eliminated
with the integréion of thermal energy storagem this study, a indirect mode solar dryer
integrated with a PCNk designeddevelopednd experimentally tested dyying fish Thedryer

is designedbased on the daily fish losses from a single fishenwtainhis determined to be 5 kg
The components of the dryer are a solar air heé®&H) a paraffin waxbased shell and tube
latent heat storagé_HS), drying chamber and a blower. Teuble pas$AHis used to raise the
temperature of the aiio the desired levand to reduce the fluctuations in the outlet temperature
of theSAHdue tothe fluctuations and inconsistency in solar radiafihre LHSwith a 3 MJ heat
storing capacityis integratedoetween the outlet of tf®@AHand the inlet of the drying chamber.
Thebloweris used to circulate the air sidethe dryerandthe performance of the components of
the dryer and the drying systamevaluated using energy and exergy analysiso-load testis
performed tcknow the tend of theinlet andoutlet temperaturesf the SAH and theHS andto
evaluate thig performanceThe drying chambeiis loaded with k&g fresh fisiduring the load test

to evaluate the performance of the drying systemaximum temperature of 69is obtained at

the outlet of theSAHand the energy and exergy efficiencaes 25% and1.5%, respectivelyA
temperature of 5 to 10 higher than the single pass achievedby circulating the air in the
secondair channelsince the air is further heated as it passes through the second air chaneel
LHSreduces the fluctuations in the outlet temperature of the SAH and extends the drying process
for two extra hours a day. Ky fresh fishs effectively dried in the dryer within 21hrs reducing the
moisture content of the fish from%30 125% by removing 3.6kg of moisture. The specific
energy consumption of the dryier7.3kWh per kilogram of moisture and the power coreitvy

the bloweris 0.6kWh per kilogram of moisture which is 8.3% of the total energy consumption.
The remaining 91.7% energy harvested from the sun and the overall efficiency of the drying
systems 94%. Finally, economic analysiss carried out and the payback perizdl.39 years.

Key words: Fish, dying, SAH, LHS, paraffin wax exergy efficiency
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CHAPTER ONE
INTRODUCTION

1.1 Background of the Study

Drying is one of the methods of food preservation that have been practiced for a long time. The
purpose of drying is removing water from the food so that the growth of microorganisms
(bacteria, yeasts and molds) can be inhibited. Food scientists havetfatréducing the
moisture content of food between 10% and 20% prevents microorganisms from spoiling and
most of the nutritional value and flavor can also be preserved. Products that can be preserved
by drying include agricultural products (cereals), roadplants, fruits, vegetables, fish and
meat Aklilu, 2004).

Ethiopia is a landocked country and supplies fish for their own population from the inland
water bodies. These water bodies have an estimated surface area of 783jdmhakes and
reservois, 275 kni small water bodies and 7185 km long rivers and the annual fish production
potential from those water bodies reaches up to 51,00R&3, 2015) However, the actual
production is much less than the potential that the country has becausésifahesector is

not well developed regarding pre and paatvest handling practices which leads to losses. The
main reasons for poes$iarvest losses include inadequate handling, poor processing and storing
facilities, predators and lack of appropriaghhandling and preservirntgchniques (Demeke,
2015).

Postharvest losses in developing countries have estimated to be up to 50% of domestic
production and this spoilage is possibly as high as 10% and more. Our country lost almost one
third of its annual production and this was about 10,000 tons of fismpamaamong 28,000

tons of productioiDemeke, 2015)Generally, 10 to 12 million tons of fish per year is estimated

to be lost due to spoilage globally which accounts for 10% of theptadliction (Getu, 2015).

Fresh fish rapidly deteriorate without extal contamination in less than 24 hours. The reason
behind this is fish harvesting at an average moisture cont@dg6fwet basis)(Gram, 2002).
To overcome this problem preservation is mandatory. Fish can be meseswmg several

techniques includingtraditional preservation techniques such as freezing, cold storage



(chilling), dehydration (salting, drying and smoking) and use of chemical treatment. In freezing,
water in fish forms ice crystals and it will break the cell structure of the fish ané caus
mushiness. The technology of freezing, chilling and chemical treatment is also too expensive
and not a common practice for most rural fishery associations. Due to this, the fisheries are

forced to use traditional methods like drying, smoking and sgl8otpmon, 2017).

Open sun drying is the most widespread method of drying fish and have been practiced since
ancient times. However, despite the fact that it is simple and inexpensive, traditional open sun

drying has disadvantag@situu, 2010).

1. Needs adrge area exposed to direct sunlight.

2. Loss of dried products due to rats, cats, dogs, birds and infestation with insects.

3. Wind, rain, moisture and dust spoil the product.

4. Fish dryingwith unstable moisture content at slow drying process is favorable for

microorganism proliferation and becomes a source of food poisoning.
5. Exposing products like fish to direct sunlight destroys light sensitive nutrients present
in fish.

Hence to control this problem, other hygienic and environmentally friendly dryingoledies
must be developed and adopted for the drying of fish with best quality. Renewable energy
technologies which include solar, wind, geothermal and bioenergy can be used. From these
renewable energy sources, solar energy is cheap, safe, sustainahbiadantly available.
The annual average daily solar radiation in Ethiopia reaching the ground is estimated to be 5.2
kWh/n?/day (REEEP, 2014)Therefore, solar drying is the best alternative that can help for
reducing loss and improving the quality of products so that it can be stored for a long time.
However, thantermittent nature and uncertaintythe availability of solar energy is the mai
drawback in solar drying. This drawback can be eliminated with the integration of thermal
energy storages. Thermal energy storages have been used either at the bottom of the absorber
plate or in the drying chamber. Placing the thermal energy storagesattivo sections of the
dryers has some disadvantages like the loss of heat from the storage to the sides and top of the
absorber and the drying chambghis heat loss can be minimized by using a separate system

of the dryer and the thermal energy sterag



1.2 Solar dryers

In the drying sector, solar drying is an efficient way of utilizing solar energy. In solar drying,
products are dried at an elevated temperature using special devices called solar dryers. Based
on the mode of solar energy utilizatiordanode of airflow, the classification of solar dryers is

shown inFigure1.1.

According to the mode of airflow, solar dryers are classified as passive (natural convection or
natural circulation) and active (forced convection or forced circulation) splarsd Natural
convection solar dryers do not require a fan or a blower to pump the air through the dryer which
makes them suitable for areas where electricity is not available. The flow of air is mainly due
to density differences. However, these dryerelsbme disadvantages i.e. are not suitable for
drying a large number of products due to their low air flow rate, the moisture remowvial rate
poor, and resulting slow drying rate. Forced convection solar dryers require a blower or fan to
pump the air thragh the dryer therefore electrical power is required for running these devices.
The advantage of active solar driers over passive solar dryers is that active solar dryers reduce
the drying time by enhancing the rate of heat transfer and temperature thowt eate can be
controlled(Kituu, 2010).

Solardryers

S

Active (forced circulation) solar dryer Passive (natural circulation) solar drye

[ A

Direct Indirect Mixed mode

Figure 11: Classification of soladryers



Based on the mode of solar energy utilization, solar dryers are classified as direct, indirect and
mixed mode solar dryers. As showrHgurel1.1, these dryers can be either natural convection

or forced convection solar dryers.

1. Direct solar dryers: in tls® systems, the substance to be dehydrated is exposed to direct
sunlight. The dryer consists of cover material, drying trays and frame as indicBigdren
1.2. The dryer has inlet and outlet air vents and solar drying is assisted by the movement of
theair in and out of the dryer. The products are placed at the drying trays and dried by the

incoming solar radiatio(Bolaji, 2005).

860 Inlet vent

Figure 12: Direct solar dryer (Bolaji, 2005).

2. Indirect solar dryers: these dryers consist of a solar air heater with a black absorber plate, a
transparent cover plate, insulation and a drying chamber as shéwguia1.3. The black
surface heats incoming air, rather than directly heating the sabstabe dried. This heated
air passes through the drying chamber and exits upward often through a chimney, taking

moisture released from the substance wi{Bdlaji, 2005).
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Figure 13: Indirect solar drye(Bolaji, 2005).

3. Mixed mode solar dryers: the structural features of these dryers are the same as indirect type
solar dryers except that the drying chamber is made from transparentsvat®wn in
Figure 1.4 The products are heated with both the solar radiatsorsmitted through the

transparent walls and the hot air from the solar air heater.
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Figure 14: Mixed mode solar drydiBolaji and Olalusi, 2008).



Solar dryers can also be classified as hybrid solar dryers. Hybrid solas drgesolar dryers
integrated with either auxiliary heating devices or thermal energy storage units. The auxiliary
heating devices include biomass backup heaters, electric heaters, wood stoves and liquid or gas
fuel burners. The thermal energy storage imecitides sensible heat storages like concrete, rock,

sand and bricks and latent heat storages like paraffin wax and salt nitrates.

1.3 Thermal energy storagse

A common problem in solar drying is the gap between the periedlafenergy availability

andits period of usage. The intermittent nature and the uncertainty in the availability of solar
radiation are also the concerns associated with solar d8angn the drying sector the supply

and demand of energy is an important consideration. Thermal energy storage can minimize the
gap between supply and demand in this case. These thermal storage systems include sensible
and latent heat storage systems aswvghin Figure 1.5. In ®nsible heat storagg/stems, the
energy is stored by changing the temperature of storage material like concretegckand
minerals, ferroalloy materials, bricks, etc. whereasaterit heat storagethe heat transfer
occurs when ubstances like salt nitrates, paraffin wax, etc. change their phase from solid to
liquid and vice versa. Latent heat storage systems store higher amounts of energy per unit

storage material compared to sensible heat storage sySemsiet al, 2018).

- Solids
- Sensible heat —
- Liquids
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Thermal energy < Organic i ]
storages g9 Non-paraffing
— Salt hydrates
L Latent hea - Inorganic Metallics
— Organicorganic
—| Eutectics Inorganicorganic

Inorganicinorganid

Figure 15: Classification of thermal energy storages



1.4 Statement of the problem

A tremendous quantity of fish is lost due to poor gastvest handling practices. The reasons
for these losses are inadequate handling, poor processing and storing facilities, predators and
lack of appropriate handling and preserving techniques. Théngxiseserving techniques like
freezing, cold storage (chilling) and chemical treatment are too expensive and not commonly
practiced by rural fishermen. Electrical energy is also required to run the freezer and cold
storages. The other preservation techaigsed by the fishermen is open sun drying of fish and
the products dried by this method have poor quality. These factors reduce fishermen income
from fish. In order to alleviate these problems, other hygienic, environmentally friendly and
economical pre=yvation techniques should be developed. Solar drying technique that uses free
energy from the sun can be used. To overcom@rbielems associated with tivgermittent
nature and uncertainiy the availabilityof solar eergy, a thermal energy storagestem is
integrated with the solar dryand the performance of the dryer is experimentally investigated
by drying fish To reduce the heat losses associated with the location where the thermal energy
is used, a separate arrangement of the dryer andethmeahenergy storage is used.
1.5 Objectiveof the study
In this section, the general and specific objectives of the study are briefly indicated.
1.5.1 General objective
The general objective of this thesis is experimenialgstigatingthe performance of solar
dryer integrated with a paraffin wax based thermal energy storage system for fish drying
application.
1.5.2 Specific objectives
The specific objectives of thgtudy are:

V Sizing flat plate solar air heater, the thermal energy storage and the drying chamber

suitable for drying 5kg of fisht a time

V Conducting eergy and exergy analysis of the flat plate solar air heater, the thermal
energy storage and the dryidgamber.
Performing mimerical simulation of the solar air heater and thermal energy storage.
Fabrication of the solar dryer integrated with thermal energy storage.

Evaluating the performance of the dryer experimentally.

< < < <

Validation of the experimental rdsu



1.6 Significance of the study

The significance of this study is introducing an alternative drying mechanism of fish apart from
the traditional open sun drying. The dryer reduces-pastest losses due to spoilage in which
high temperatures within thdryers retard the activities of microorganisms. Compared to open
sun drying of fish, the developed solar dryer protects the product from wind, rain, moisture and
dust. It also eliminates access to birds, cats and dogs and infestation with insects. &xpensiv
preservation techniques like freezing, cold storage (chilling) and chemical treatment can also

be eliminated. The dryer will reduce the monetary loss associated withgyesst loss.

1.7 Scope and limitation of the study

This thesis focuses on experimt@ analysis for the performance evaluatioraslar dryer
integrated with thermanergystorage for fish drying application. This includes design of the
components of the dryeenergy and exergy analysis of each components of the dryer,
development of a prototype, performing an experiment on the dryer and validating the
experimental resulblumerical simulation of the solar air heater and the thermal energy storage
is also performedSince this study mainly focuses on performance ingastin of the dryer,

the drying kinetics of the produi not included.

1.8 Organization of the study

This thesiss organized with seven chapters. Chapter one presents introduction of the thesis
including background about drying, solar dryers and therem@rgy storages, problem
statement, objectives, significance and scope of the study. Literatures about solar dryers, solar
air heaters and thermal energy storagresreviewed in chapter two. Chapter three elabsrate
about the methodology of the work lading data collection and radiation estimation. The
design of the PCM integrated solar dryarergy and exergy analysis of the components of the
dryer and numerical formulation of the solar air heater and thermal energy stanage
incorporated in chaptdour. The prototype of the dryé manufactured based on the design

on chapter four and the experimental sednpd procedurés described in chapter five. The
results of the experimeate presented with a discussion in chapter six and finally thestisesi

concluded in chapter seven.



CHAPTER TWO

LITERATURE REVIEW

In this chapter, available literatures related to solar dryers with and without thermal energy

storage systems, solar air heaters and thermal energy stamgegewedn-depth

2.1 Solar dryers

There are several classes of solar dryers. But the magsrare direct solar dryers and indirect
solar dryers. Direct solairyers expose the substance to be dried to direct sunlight and have
enclosures; glass covers and/or vents to increase efficiency whereas indirelrysotaronsist

of a solar air heatetomponent that heats the air. The heated air then passes to the drying
chamber where the product being dried is placed. The heated takes moisture from the product
and finally leave the chamber. According to the mode of airflow, solar dryers can also be
classified as natural convection and forced convection solar dryers. Natural convection dryers
do not require a fan or a blower to pump the air through the dryer. But the low airflow rate and
the long drying time results in low drying capacity. Thus, thistesy is restricted to the
processing of small quantities of products. For processing large quantities of products, forced
convection dryers should be used. But forced convection solar dryers require electrical power
to run the fan or blower. Since the remareas of many developing countries are not connected
to electric grids, these dryers are limited to electrified areas.

In this section existing literatures about solar drygesreviewed and have been taken for
further improvement in this studyhe reviewed literatures consist of direct, indirect, natural
convection and forced convection solar dryers with and without a thermal energy storage

system.

2.1.1 Solar dryers without thermal energy storage

Solar dryers for drying fish and other produatsre developed and their performance were
teded. Asmare et al (2015)developed a solar tent dryer to reduce fhastest losses. The
solar tent fish dryer was prepared from readily available materials such as wood, white and

black plastic, nail, rope andesh wire with a size of & height and 1.7 length. The result
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indicated that the total moisture loss of 6@f4s obtained in three daySimilarly, Komolafe

et al (2011)designed and constructed a simple convective fish dryer to reduce the problems
related to fish processing. The components of the dryer are the base frame which is fabricated
from angle iron bar, the drying chamber, the drying cage which is construcked stainless

wire mesh, a fan housing consisting of 3 fan blades and three electric heating elements 3000
W, 6000 W and 9000 W respectively. The result shows that, thado evaluation
(temperature profile) of the dryer gives the highest temperatutd @¢ (drying chamber
temperature) in 30 minutes which is expected to give a higher drying rate than the natural sun
drying and opeitired drying methods.

Aklilu ( 2004) performedexperimental analysis for the performance evaluation of an indirect
free conection solar dryer for drying potatbhe components of the dryeereflat plate solar
collector, the drying chamber and connecting ducts. The result from this experiment shows that,
for airflow rates ranging from 0.00595 to 0.0114 kgfsofircollector area, temperatures rise of
14-293 (from 8:30 AM- 4:00 PM) higher than the ambient air temperature in a clear day was
observed. The final moisture content of the potato was2%26. Thermal efficiency lies
between 14.59% and 29.95%. Theidg time required by traditional open sun drying is
reduced by 3 h (about 19 %)orsysim efficiengygas abont dr y i n
16% and dr y e)wasabouti6s%Laen, daptanfu (2007)simulated an indirect

solar cereal dryersing TRNSYS. The components of the dryer are flat plate solar collector and
an integrated dryer chamber. A thermal solar collector model was developed and basic heat
transfer equations for singfdate and double glass glazing were derived and technigqutrsef
solution of these equations were presented. Using metrological data and collector parameters
as input, a computer program was written to predict the collector outlet temperature, mass flow
rate and other engineering variables. The result showsthaeratures rise of 283 (from

8:30 AM- 4:00 PM) higher than the ambient air temperature in a clear day was observed. The
final moisture content of the cereal after 23%b6sunny hours was observed to be@112%.

The initial moisture content of thedal cereal ranges from 16 to 30% and the final moisture

content of the dried cereals ranges from 10 to 12%.

Sablaniet al. (2003)investigated the performance of three different solar dryers, namely open

rack consisted of perforated rack, convection cabinet made with wooden walls with wire mesh
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and multirack dome dryer consisted of three layers with ten racks per layer. Theshesudt

that, the air temperatures generated and relative humidity within the cabinet unit were 11 to
533 and 20 to 87% depending upon the time of day respectively. For theratkltilome unit,

the air temperature and relative humidity varied from 11 te 3#hd 22 to 96% respectively.

The initial moisture content of sardine was Z83vater/kg dry solids and at the end of drying

the final moisture contents were 0.166 and 0Hd Water/kg solids for open rack and cabinet
dryers, respectively and 0.219 an@28 kg water/kg solids at the top and bottom layer of the
multi-rack dome dryer respectivel@gimilarly, N6 J a i tésted tBrée) different types of
natural convection solar dryers for drying fermented fish in Gambia. All the dryers were
constructed fsm rhun palm sticks covered with clear polyethylene material. The first was a
solar tent dryer, the second dryer was heslsgped solar dryer and the last one was solar dome
dryer. It was reported that, wallied products with reasonably long storage lifere
successfully produced and the degree of losses due to insect infestation and maggots becomes
insignificant.Sachithananthanet al.(1985)alsoconducted a study in a solar dome dryer using
three fish species (horse mackerel, goatfish and catfistokdHand trays were used to place

the fish samples in the dome. The result shows that the drying rate was higher irdhiedun

fish during the first two days than that inside the solar dryer. This was attributed to a greater
flow of air around the samplélowever, the drying rate was better inside the solar dome during
the later stage. In this case, the process was internal mass transfer controlled. It was also
reported that fish dried in the solar dome dryer has a very good quality in terms of odor,

randdity and microbial or insect attack.

Hubackova et al (2014)developed a solar drying model for selected Cambodian fish species
and compared it with the electric oven dryer. The solar dryer consisted of a solar collector, a
drying chamber and a blower. The result shows that the average drying temperature aad relati
humidity in the solar dryer were 536 and 19.9%, respectively. The overall efficiency of the
solar dryer corresponding to 15% of final product moisture content was 12.37% and the average
evaporative capacity of the dryer is 0.042h. It was also cartuded that, the drying rates were
higher in the solar drying process compared to control drying in an electricReeaet al
(2009)alsocarried out a study in a solar tunnel dryer to produce safe andjhaiity dried

fish products. The dryer contssof a flat plate collector, a tunnel drying unit and four small

fans. Five fish species such as silver Jewfish, Bombay duckykituna, Chinese pomfret and
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ribbonfish were used. The result shows that, moisture content of the fish samples reached 16%
after 36 and 32 of drying at temperature ranges of 45 t@5@nd 50 to 53 , respectively.

Products produced at 45 to $0were found to have excellent flavor, color and texture.

Bala and Mondol (2001)experimentally investigated solar drying of fishngsa solar tunnel

dryer with a capacity of 15¢3. The components of the dryer were a transparent plastic covered
flat plate collector, a drying tunnel connected in series to four d.c. fans and tWoséGar
modules to operate the fans. The fish wagaityttreated with dry salt and stacked for about

16 hours before drying. The result shows that the final moisture content of salted fish reaches
16.78% (w.b.) from 67% (w.b.) in 5 days in a solar tunnel dKiuu et al (2010)developed
mathematical maels for predicting the plenum chamber temperatures and the drying of Tilapia
fish (Oreochromis niloticus) in a solar tunnel dryer and simulated in Visual Basic 6 (Microsoft
Vi sual Basic 6.0E). The drying sysoemmnceonsi s
natural convection, the drying chamber was lined with acrylic glass to trap solar energy and
heat the exhaust air. At the base of the exhaust pipe was agedar 12V, 0.16 A 1.92W

d.c. suction fan, capable of delivering 12smof airThe result shows- that
test, there was no significant difference between simulated and actual data for plenum chamber
temperature (dst= 0.551, Erit, onetail = 1.717, Trit, wotail = 2.074), and moisture ratio §d: =

0.961, Trit, onetail = 1.708), at 5% level of significance.

Sengaret al (2009)designed a loveost solar dryer to dry products under hot and humid
conditions. The main parts of the dryer were collector, drying chamber, inlet and outlet
openings. UV stabilized 200nman plastic film was used for the collection of solar energy and
mosquito net was used as trays with a capacity of 0.6kg. The result from this study shows that,
this solar dryer is suitable for domeshtic dr
inside the dryer required 8h to reach a moisture content of 16.15% whereas unsalted fish
required 15h to reach 15.15% in open conditions. Overall collection efficiency was 70.97%

and average drying efficiency was 14% and 11% whereas pickup efficiascyOnand 9% for

salted and unsalted fish respectively.

Bolaji (2005)investigated the performance of an indirect solar dryer using a box type collector.
The components of the dryer were a solar air heater, an opaque crop bin and a chimney. The

collectorwas made of a glass cover and black absorber plate and was inclined at an angle of
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20Jto the horizontal. The result shows that the maximum efficiency of the system was 60.5%
and the maximum average temperatures were 64 and iBgide the collector and ying
chamber, respectivelfliris et al. (1995)also constructed and studied the performance of a
natural convection indirect solar dryer. The dryer consists of a solar air heater and a drying
chamber. The experiment was done for different food products at different airflow rates and the
thermal efficiencie of the solar air heater and the drying chamber were discussed. The result
shows that thermal efficiencies were between 30% and 80% during drying experiments and the

overall drying performance and efficiency increase as the airflow rate increases.

Al-Juamily et al.(2007)developed and tested an indirect mode forced convection solar dryer
for drying fruit and vegetable. The dryer consisted of a solar collector, blower, and a solar
drying cabinet. Two identical solar collectors witkgvbove absorber platasid two air passes

were used. Grapes, apricots and beans with initial moisture contents of 80%, 80% and 65%
respectively, were dried. The result shows that the final moisture content of apricot was 13%
within one day and a half of drying, 18% for grape$wo and a half days of drying and 18%

for beans in 1 day onhBimilarly, Afriyie et al. (2009)experimentally tested the performance

of a solar chimney crop dryer. A cabinet dryer using a normal chimney was tested first and
repeated with a solar chimnand the roof of the drying chamber was inclined further to form

a tent dryer to carry out the trials. The result shows that the solar chimney dryer can be designed

with the appropriate angle of drying chamber roof to increase the airflow rate.

Das and Kumar (1989)designed and studied the performance of a low cost and simple solar
dryer. The dryer consists of a vertical flat plate collector and a drying chamber with a capacity
of 20 kg of high moisture field harvest (paddy). The experiments were perfalunieg the

winter months. The result shows that an average air temperature rise f 21d®7.13 with

an average air flow rate of 0.67072/min for the inclined and vertical collectors, respectively,
and when the averageér temperature rise in the imeed collector was increased to 68.5 a

33% reduction in airflow rate was observed.
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2.1.2 Solardryers with thermal energy storage

To minimize the problems associated with the uncertainty and intermittent nature of solar
radiation, thermal energy storages were developed to improve the solar drying application. The
thermal energy storages used were latent and sensible heat stortigesection solar dryers
assisted by thermal energy storage materials (sensible and latent heat storage naegerials)

reviewed.

2.1.2.1 Solar dryers with latent heat storage

Latent heat storages store energy when they change their phase from squiditarid vice
versa.So many researches have been conducted on solar dryers with the integration of latent
heat storagesShalaby et al. (2014)reviewed previous works on solar drying systems which
implemented phase change materials as an energy stoedgemlt was concluded that recent
researches focused on PCMs as energy storage media because of their higher thermal energy
storage density compared with sensible heat storage materials. It was also concluded that
implementing PCM in solar dryers redudesat losses and improves efficien&imilarly,
Swamiet al (2018)experimentally analyzed a solar fish dryer with phase change material. The
dryer consisted of a flat plate collector, drying chamber, chimney and air blower. For
experimentation, two different PCMs, Paraffin wax T28 (melting point 45183 ) and
Paraffinwax C31 33 (melting point 6803 ) were used. The result shows that, optimized
conditions which are 5 m/s velocity, 0.314 kg/s mass flow rate and 10 cm depth of heating
chamberwere best suitable for solar fish drying and the drying period is then reduced
approximately by 70%. Out of total available heat, 40% of heat was utilized and 60% was found
to be exhausted unutilized and the use of PCM is found to be an excellent solution to accumulate
this heat. PCML maintains an average temperature higher tr@avbrage temperature of the
dryer without PCM and the drying period was reduced up to approximately by 80% of the
traditional method and by 20% of the solar dryer method. PONMas also tested for load
condition and the average temperature maintainedé:&C and it was stated that due to the
temperature range of the drying process, PZMas not suitable for this application. It is also
indicated that fish can only sustain a maximum temperature dC6Bal et al. (2011)also
designed and developedatural circulation solar dryer integrated with a paraffin wax based

latent heat storage (LHS) system. Initial measurements of temperature at the inlet, outlet, back
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and below of solar panel with the free natural circulation of air have been carriedyouttuza
result shows that the continuous drying of agricultural/food products at a steady and moderate
temperature of 4053 can be possible. The main drawback of the initial model associated

with heat loss was modified by adding a coating of PU foamvwb#ie panel.

Shalaby and Bek (2014gxperimentally investigated an indirect mode solar dryer integrated
with phase change material for drying medical plants. The components of the dryer were two
identical flat plate solar collectors, drying chamber, P@blagie and blower. Nlwad test of

the dryer was performed with and without PCM at mass flow rates of 0.0664 to 0.2182 kg/s.
The result shows that using the PCM gives a drying air temperature of 2.3tdigber than
ambient temperature after sunsetdbteast 5 hours. It was also concluded that, peak values of
the drying temperature were obtained with mass flow rates of 0.1204 kg/s andkg3384en

the dryer is operated with and without PCM, respectively. After implementing the PCM, the
final moigure content is achieved in -IIB h. Similarly, Reyeset al. (2014) developed and

tested a solar dryer integrated with a phase change material. The energy storage was basically
a solar collector. It consisted of a hundred copper tubes with external atarinisu The tubes

were filled with 14 kg of paraffin wax having a melting temperature rangel 60058 and were
exposed to the sun rays transmitting through a transparent cover. The air was first preheated by
the solar air heater during the daytime andeadito the predetermined value by an auxiliary
electric heater. The result shows that a temperature risesofa®@ve the ambient was supplied

by the accumulator for about?and around 40/0% electrical energy was saved. The thermal
efficiencies of thesolar air heater and the accumulator were in the range of 22 to 67% and 10
to 21%, respectivelyJain and Tewari (2015) also developed a direct type solar dryer
integrated with a paraffin wax based latent heat storage system. The latent heat storage
consisted of 48 cylindrical tubes (0.#bin length and 0.05n in diameter) filled with 48 kg
paraffin wax and placed at the bottom of the drying chamber. A black absorber plate covered
with a toughen glass was placed at the top of the drying chamberP@l packed bed was
placed below it. The result shows that a drying air temperatura dhi§her than the ambient

was supplied by the energy storage system for about 5 to 6 hours after sunset.

Shringi et al. (2014)developed a solar dryer integrated watthermal energy storage system

evacuated tube heat pipe collector. The evacuated tube heat pipe collector heated a mixture of
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60% propylene glycol and 40% water toi 3483 . The heated fluid was then circulated
through a heat exchanger coil located in R@&M with a melting temperature of 87. Then

the air at the temperature betweers38nd 693 was used in the dryer for drying garlic cloves.

The result shows that without recirculation of the exhaust air, the exergy efficiency was in the
range of 5 to 5% in the first 3 h of the drying period. Thereafter, the exhaust air was re
circulated and the exergy efficiency was 67 to 8&ain et al. (2013) studied a natural
convection mode solar dryer integrated with a paraffin wax based latent heat storage system
The dryer was tested under both full load (with Ginger) anlbad condition. The result from

the test shows that the moisture content of Ginger was reduced from 74% to 3% in 24 h and
daily drying efficiency was 12.4 %. Collector efficiency during naddest was in the range of

53 to 96% and full load test in the range of 40 to 55%.

Fath (1995)proposed and analyzed a simple design of the solar air heater withia theitmal
energy storage system. The thermal energy storage system consists of a corrugated set of tubes
filled with a PCM. The result shows that, a daily average efficiency @588 was achieved
with an airflow rate of 0.02 kg/s, and an outlet temperature cibove ambient was extended
for about 16 h, compared to 38.7% and 9 h, respectively, for the conventional flat plate solar
air heater. The outlet temperature was extendeddout 21 h with an airflow rate of 0.01 kg/s.
Similarly, Fath (1995)presented the thermal performance of a thesipbon solar air heater
with a builtin thermal energy storage system. Phase change materials with melting
temperatures of 61, 51, 43 aBA3 were studied. The obtained results were compared with
the system without storage material. The result shows that, PCMs with 51 andhéRing
temperature were best. The solar air heater with the 48elting temperature PCM can
discharge a thermab&d of a minimum of 0.01 kg/s air flow rate and a temperature rise of up
to 83 . Depending on the PCM melting temperature, solar intensity and mass flow rate of the
flowing air, the daily average efficiency of the heater varies between 27% and 6&i&%.
Enibe (2003)introduced a transient thermal analysis of a natural convection solar air heater
integrated with a thermal energy storage system. PCM with a total mass of 65 kg was prepared
in modules and placed evenly across the absorber plate. The guiadistits of the solar air
heater were compared with the experiment within the limits of experimental error. The
predicted result shows that useful and overall efficiencies of the integrated system were 13%
and 18%, respectively.
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Alkilani et al.(2009)predicted the outlet air temperature of a solar air heater integrated with a
thermal energy storage system with mass flow rates in the range of 0.05 to 0.19 kg/s. 0.5% mass
fraction of aluminum powder was added with paraffin wax to enhance the conductton hea
transfer process. The freezing time of the PCM has been predicted for the investigated mass
flow rate. The result shows that the freezing time of the PCM is inversely proportional to the
mass flow rate; it took approximately Bwith a flow rate of 0.0%g/s and the outlet air
temperature was predicted as34at this flow rateSimilarly, Tyagi et al. (2012)presented a
comparative experimental study of a solar air heater with and without thermal energy storage
material. Paraffin wax and hytherm oil were used as thermal storages and the study was based
on energy and exergy analysis. First and second lawegities were determined for three
different arrangements, one arrangement without thermal energy storage and two arrangements
with thermal energy storage. The result shows that both efficiencies were higher for the solar
air heater with thermal storage maaal than those without thermal storage material. It was also
revealed that both efficiencies of the solar air heater that uses paraffin wax were higher than
that of hytherm oil.Later, Bouadila et al. (2013) experimentally evaluate the thermal
performane of a new solar air heater using a packed bed of PCM spherical capsules. The
packed bed absorber was formed of spherical capsules with a black coating and it is fixed with
a steel matrix. The result shows that, the daily energy and exergy efficiency sbl#n air

heater varied between 32% and 45% and 13% and 25%, respectively.

2.1.2.2 Solar dryers with sensible heat storage

Sensible heat is stored by changing the temperature of materials like rock, sand, concrete and
brick. These sensible heat storagaenials were used to assist solar dry&rat of researches

were done on the use of sensible heat storages to assist solar Elrgefisaii et al. (2001)
designed, constructed and experimentally investigated indirect mode natural convection solar
dryerusing sand as a thermal storage material. Different fruits (seedless grapes, figs and apples)
and vegetables (green peas, tomatoes and onions) were experimented. The result shows that for
seedless grapes, equilibrium moisture content was reached aftéth@t storage and 60 h

with storage material reducing the drying process by 13&imilarly, Mohanraj and
Chandrasekar (2009)experimentally studied an indirect mode forced convection solar dryer

with sensible heat storage material for drying chili. Sameed with aluminum scraps was
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placed between the absorber plate and insulation to store the heat. The capacity of the drying
chamber was about %@ of chili per batch. The result shows that the integration of storage
materials increases the drying tilmeabout 4h per day and maintain consistent air temperature.
The initial moisture content of chili was 72.8% and dried to a final moisture content of 9.2%

and 9.7% (wet basis) at the bottom and top trays respectively.

Ayyapan and Mayilsamy (2012)tested he performance of a natural convection solar tunnel
dryer integrated with rock bed as a sensible heat storage material for drying copra. The result
shows that the moisture content of copra was reduced from 52% (w.b.) to 7.1% (w.kh) in 54
with storage an®0 h without heat storage material. But it took 168 reduce the moisture
content of copra from 52.3% (w.b.) to 7.1% in open sun drying. The average thermal efficiency
of the dryer was 15% and increased by 2% to 3% using the sthatge.Ayyappan et al.
(2015)conducted an experimental investigation on a natural convection solar greenhouse dryer
integrated with sensible heat storage materials for drying coconuts. The result shows that the
moisture content of coconuts was reduced from 52 (w.b.Ydd¢w.b.) in 78h, 661 and 53h

using concrete, sand and reloid saving 55%, 62% and 69%, respectively, of drying time
compared to open sun drying which takes h7 reduce the moisture content to the same
level. The efficiency of the dryer was foundlie 9.5, 11 and 11.65% when using concrete,
sand and rocked respectivelyMadhlopa and Ngwalo (2007)designed and constructed an
indirect mode natural convection solar dryer integrated with thermal energy storage and a
biomassbackup heater. Simple mai@s and skills were employed lbaild it. The dryer was

tested with solar, biomass and sblaomass modes of operation, by drying twelve batches,
each batch weighing 20 kg of fresh pineapple. The result shows that thidisoless mode

of operation reduwes the moisture content of pineapple slices from about 66% to 11% (db). The
average values of moisture pickup efficiency were 15%, 11% and 13% in the solar, biomass

and solarbiomass modes of operation respectively.

Aissaet al.(2012)alsostudied thgoerformance of a forced convection solar dryer with granite
stone as a sensible heat storage material. Experiments were conducted at air mass flow rates,
varying from 0.016 kg/s to 0.08 kg/s, for five hot summer days of July 2008. The temperature
distribuion along the air heater was discussed and the result shows that the solar air heater gives

an outlet temperature of 10 to 25more than the ambierfbaravanakumar and Mayilsamy
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(2010)developed and tested the thermal performance of a forced conveatiplafé solar air

heater with sensible heat storage material. A centrifugal blower was used to increase the outlet
temperature of the collector and efficiencyi(20%). The result shows that among the sensible
heat storages, Gravel with iron scraps hasebefficiency. It was also reported that forced
convection solar dryers are more suitable for drying Hgighlity products even in a cloudy

climate.

U From the above literature survey, it can be concluded that direct solar dryers overcome the
problems assmated with open sun drying but compared to indirect solar dryers, direct solar
dryers have some drawbacks as the products are subjected to direct sunlight. Indirect solar
dryers have the following advantages.

i.  High drying rate. Products are dried withisi BO h instead of a few days.
ii.  Drying can be controlled scientifically, ensuring the proper moisture content
of the final product. Thus, the dried product can be stored for long times.
iii.  No losses at all, as the products are not subject to any naturahpeno
iv.  Increased productivity, as dryers can be loaded again within a few hours.
v. No discoloration of the product inside the dryer.

vi.  No moisture condensation inside the glass cover.

These dryers can be constructed from locally available materials like wood and banoo. It
also observed that solar dryers with thermal energy storage (sensible and latent heat storages)
give better drying than dryers without thermal energy storage. @@upo sensible heat

storages, latent heat storages have better enhancement on solar dryers.

2.2 Solar air heaters

Solar air heaters are renewable energy solar thermal systems used to heat air by absorbing solar
energy using an absorbing medium caliédorber plate. They are easy to construct and are the
most costeffective out of all the solar technologiddat plate solar air heaters with metal
absorber plate and glass cover are the most common collectors used for solar drying
applications without ffecting the environment. The absorber plate is painted black because
black colors absorb a higher percentage of sunlight than light colors. The glass cover which is

called glazing has roles of minimizing heat loss from the absorber plate, shieldingahzeab
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plate from direct exposure to weathering and transmitting as much solar radiation as possible.
They are simple and are effective means of collecting solar energy for applications that require

temperatures below 130 (Aldabbagh et al, 2010)

2.2.1Components of flat plate solar air heaters
The major components of a flat plate solar air heater are the absorber plate, glazing (cover) and

insulationas represented Fgure 2.1

Solar radiation

f Air out

v

Glass cover

Insulation

Smooth absorber plate

Figure 21: Schematic diagram ofslar air heater (Ghritlahet al., 2019).

a. Absorber plate

The function of the absorber plate is absorbing the incident solar radiation and transfers it to
the working fluid. It is usually painted black because black colors absorb higher percentage of
sunlight than light colors. The absorptance of the collector surface for shortwave solar radiation
depends on the nature and color of the coating and on the incident angle. The surfaces of the
absorber should have high values of solar radiation absorgaddew values of long wave
emittancegBakari et al.,2014 and Aldabbaghet al, 2010.
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b. Cover plate

The cover plate also called glazing is the top cover of the solar collector. The major functions
of the cover plate are minimizing convective and radiant heat loss from absorber, transmitting
the incident solar radiation to the absorber plate with minihegs) and protecting the absorber
plate from outside environment. Other important characteristics of glazing materials are
reflection, absorption and transmission. In order to attain maximum efficiency, reflection and
absorption should be as low as possilthilst transmission should be as high as possible.

Usually the common materials used as glazing are glass and plBatesiet al.,2014).
c. Insulation

A layer of insulating material can reduce heat losses from the back and edge of an absorber
plate and should be able to withstand the collector stagnation temperatures. It should be fire
resistant, not subjected to outgoing gassing and not damageable istyrenolnsulating
materials are usually fiber glass, mineral wool, thermo foam, Styrofoamratiines (Bakari

et al.,2014).

2.2.2 Factors that affect the performance of flat plate solar air heaters

The performance of flat plate solar air heaters caaffleeted by many factors like:

Thickness of glazing.

Glazing material and number of glazing.
Air gap between plate and glazing.
Absorber plate coating and emissivity.

Ambient temperature.

-~ ® a0 T p

Air flow rate.
Collector tilt angle.

= «Q

Transmittance of the glazing

Insulation.

j.  Configuration of the collector (double pass or single pass).
k. Air flow arrangement inside the collector (parallel flow or counter flow).
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Previous works on the effects of these factors on the performance of flat plate solar air heaters

are revewed and presented as follows.

Many researchers studied the effect of these factors on the performance of solar air heaters.
Smith (2011) studied the effect of glazing on the performance of flat plate collectors and
reported the advantages of glazing @fectors. The advantages are better transmission of solar
radiation to the absorber plate, reduction in convection and radiation heat losses from the
surface of the absorber plate and reduction in heat loss due to low temperature difference
between the alment and glazingA comparative study between glazed and unglazed flat plate
coll ector 6s wdseamriedauby khénfei at(20&0) Thg result shows that the
thermal efficiency was found to be 57.3% for the glazed collector and 33.3% for the unglazed

collector.

Bakari et al. (2014)investigated the effect of thickness of glazing on the performance of flat
plate solar collectors fairying fruits. 3 mm, 4 mm, 5 mm, and 6 mm glass thicknesses were
used and compared with a glass of 5 mm thickness. The results showed that 4 mm glass has the
highest thermal efficiency of 35.4%, while the 6 mm glass has the lowest performance of 27.8%
andefficiency of 3 mm and 5 mm glasses were 32.7% and 30.4%, respectively. However, the
use of a glass of 4 mm thick needs precautions in handling and during placement to the collector
to avoid extra costs due to breakdpaddadeneet al.(2014)alsostudial the effect of distance

bet ween double glazingds on the performance
effect of the double glazing depends on the characteristics of the glass added, in this case, a
normal glass of 3 mm thick was added, deufibzing thus does not improve the performance

of the solar collector studied. The efficiency of the dowiéezed solar collector decreases with

increasing the distance separating the two glasses.

Do Ango et al. (2013)numerically studied the effect okdign parameters (air gap thickness

and collectords | ength) and operating condi
temperature) on the efficiency of solar collectors. The result shows that increasing the mass
flow rate and air gap thicknesspmoves performance, an optimal performance being obtained

a thickness of 10 mm, whereas increasing collector length does not affect their performance.
Finally, the incoming solar radi at $imilarlyyhas a

Ihaddadeneet al (2014)carried out an investigation on effect of air gap varying in the range
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from 50 to 60 mm on thermal efficiency. The result shows that the thermal efficiency of flat
plate collectors decreases with an increase in the air gap. It wagpdsted that increasing

the distance that separates double glazing decreases the thermal efficiency of flat plate solar
collectors Njomo and Michel (2006)alsostudied sensitivity analysis of thermal performances

of flat plate solar air heaters. The arsidyhas been performed for input parameters such as
incident solar irradiation, inlet temperature, mass flow rate, the depth of the fluid channel, the
number and nature of the transparent covers. The result shows that, the outlet fluid temperature
decreasewith increasing mass flow rate. The outlet fluid temperature decreases with increasing
air channel depth and collectors working with low air mass flow rates show high temperature

differences between the inlet and outlet air temperatures and low théfiniaheies.

Prakash et al. (2013)studied both theoretical and experimental investigation on the effect of
nanocoating of absorber plate material on absorptance and emittance. The result shows that due
to the presence of nanocoating, the absorptancghsanmid the emittance is low.

He et al. (2016)did a parametric study on the effect of ambient temperature on the efficiency
of flat plate collectors. The result shows that the thermal efficiency of flat plate collectors

increases from 48% to74% when tmebaent temperature was increased from ¥ 403 .

Matuska et al (2009)predicted the thermal efficiency of a solar collector for various insulation
thicknesses. The result shows that there is a radical increase in thermal efficiency when the
insulation thickness increases from 20 to rBfh. It was also concluded that the that
efficiency of the collector remained constant beyond rbth thickness of insulation.
Madhusudan et al.(1981)alsostudied the effect of insulation on the performance of flat plate
collectors. The result shows that, from the588%6 heat loss, 230% happen due to convection,

5-7% due to radiation from the front surface of the absorber dd&from the back surface.

And it was concluded that insulation of solar collectors is mandatory to ensure reduction in heat

losses from the different sections bé&tcollector.

Ahmad and Tiwari (2009)investigated the effect of tilt angle on the performance of flat plate
collectors. The result shows that the collector energy loss is almost 1% when the collector tilt
angle was adjusted seasonally instead of admigtach monthSimilarly, Wang and Hong

(2015)studied the effect of collector tilt angle on the thermal performance of a solar collector.
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It was reported that solar energy reaching the solar collector surface changes with the tilt angle
and orientation ofhe collector. Collector installed at an optimum tilt angle and with proper
orientation resulted in maximum radiation on the surface of the collector. It was also reported
that collectors installed in the northern hemisphere oriented to the south ailte@drat ta

certain angle.

Bekeleet al.,(2019)designed and experimentally investigated the heat transfer and fluid flow
characteristics of a solar dryer witlelta shapedurbulators fitted on the absorber plaiée
absorber plate is subjected to a uniform heat flux of B0M? and the experiment sa
performed with Reynolds number ranging from 3000 to 30,000. Correlations for Nusselt
number and friction factor were developed as a function of angle of attack, Reynolds number,
relative turbulator height, transvers pitch and longitudinal pitch. It veaslaeded that the
developed correlations predicted the values with in an error limit Sfote2:14% and can be
directly used to develop and predict the performance of SAH with delta shaped turbulators.
Better performance of these solar air heaters btithigth pressure drop for the same operating

conditionscomparedvith the smooth ones

Dhiman et al. (2012)theoretically and experimentally investigated counter and parallel flow
packed bed solar air heaters. The analytical model for these air heatgnesesed. Effects

of air mass flow rates and bed porosities on thermal efficiencies of counter and parallel flow
solar air heaters were investigated. The result shows that the thermal efficiency of the counter
flow solar air heater was 11 to 17% highemgared to parallel flow solar air heatdsbargava

et al. (1983)alsostudied the various configurations of air heaters based on air flow passages.
The types considered were: Typgir flowing between the cover and absorber plate), Type

(air flowing between absorber plate and bottom plate) and-Ty/fa&ir flowing between cover

and absorber as well as between absorber and bottom plate). It was found thik igge

most efficient than other configuratignsut the average outlet air tempera was less than
Type-ll. A fourth type was also compared with others and it was similar tgpags air heaters,

i.e. Typelll, but instead of air exiting after flowing between cover and absorber, it was made
to flow between absorber and bottom plateibwpposite direction. It was found that the outlet

air temperature for Type IV was greater than the outlet air temperature fodlTgpa plate
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length of up to 5 m. But, if the length is greater than 5 m, the outlet temperature was greater for

Typell.

U From the literature survey, i observed that the performance of flat plate solar air heaters
increases with increasing airflow rate, ambient temperature and insulation thickness. It also
increases with the presence of glazing and absorber plategcdddwever, increasing the
thickness of glazing and the air gap between the absorber plate and glazing decreases their
performance. It is also observed that the double pass configuration of flat plate solar air
heaters is more efficient than the singdspand the counterflow arrangement of the double
pass configuration has a higher thermal efficiency than the parallel flow.

2.3 Thermal energy storages

Solar energy technologies become widely accepted since they use the free energy of the sun
and are environmentally friendly. But the uncertainty and inconsistent nature of the solar
radiation is the main drawback of these technologies and creates amicelbialéhe demand

and supply of energy. Thermal energy storages play a great role in minimizing the gap between
supply and demand of energy. Apart from minimizing the gap between the supply and demand
for energy, thermal energy storages improve the pedoce of the energy systems and playas

an important role in conserving enerdyngayat and Suple, 2013Jhermal energy storages

can be sensible or latent heat storages.

Thermal energy is stored as sensible heat by rising the temperature of a soliguat byl

using its heat capacity. The amount of heat stored depends on the temperature change, the
amount of storage material and the specific heat of the storage medium. Sensible heat storage
materials include rock, brick, concrete, sand, soil, waternerai, ethanol etc. If m is the mass

in kg, T1 and T are the initial and final temperaturesanand G is the specific heat of the
storage material in KJ/kg. , the amount of thermal energy stored or released as sensible is
(Lingayat and Suple, 2013)

0 GO Y "Yéééééeeceeeeé.e...éééccceecéeéééééée (2.1)

Latent heat storages store thermal energy when a material changes from one phase to another.

The amount of heat stored or released when a material changes from solid to liquid or vice versa
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is called latent heat of fusion and from liquid to vapour or vice versa is called latent heat of
vaporization. If m is the mass in kg and is the latent heat of fusion or vaporizatiorkilikg

of the material, the amount of thermal energy stored or releasatdasHeais (Lingayat and
Suple, 2013),

~

U G ééééeéééééecéeéééeceééééeceeéééecce .. (22

Compared to sensible heat storages, latent heat storages are attractive since they provide a high
energy storage density and can store energy at a constant temgperaith is the phase

transition temperature of the material.

2.3.1 Latent heat storages

Latent heat storages are also called phase change materials (PCMs). PCMs can be classified as

organic, inorganic and eutectics.

Paraffins
B Organic 4|: Non-paraffins
Salt hydrates
Phase change —|  Inorganic —J: Metallics
materials
Organicorganic
— Eutectics Inorganicorganic

Inorganicinorganic

Figure 22: Classification of phase change materials.
Paraffins are mixtures of straight chain alkanes QEI32)CH3 and are safe, reliable, non
corrosive and less expensive where aspamaffins are mostly esters, fatty acids and alcohols

and are flammable and2times costly than paraffins.
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Table 21: Phase change materials advantagedaativantageéShalabyet al.,2014).

Advantages Disadvantages
Organic Low Cost, Flammable,
Chemically inert and stable, Low thermal conductivity,
No phase segregation, Low volumetric storage densit
Recyclable and setiucleating, (90-200 MJ/m3)
Available in large temperature range.
Inorganic Moderate cost, Subcooling,
High volumetric storage density, (18 Phase segregation,
300 MJ/m3), Corrosion of  containment
Higher thermal conductivity, material.
Nonflammable and low volume chang
Eutectics Sharp melting point, Limited available materia
Low volumetric storage density. property data.

2.3.2Selection criteria of PCMs

In solar drying applications, the primary criteria to select a phase change material is its melting

temperature range. The meltitegnperature of the selected PCM should be 5to 10hi gh e r

than the desired drying temperature, i.e. the recommended temperature for drying the product.

Other thermo physical, kinetic and chemical properties of a R@&MLingayat and Suple,

2013),

<K <K K< KKK LK KL<

High heat storage capacity.

Isothermal operation anddger storage space.

Easy availability and cost effective.

Large latent heat per unit volume.

Low vapor pressure and small volume change on phase transformation.
Safe, norreactive and compatible with all metal containers.

Favorable phase equilibrium.

High density.
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V Sufficient crystallization rate.

V Longterm chemical stability.

2.3.3 Previous works on latent heat storage

This section covers a review of literatures on latent heat storage systems. The reviewed
literatures include advantages of using latemtt Iséorages over sensible heat storages, how to
select the appropriate phase change material as latent heat storage, advantages of using paraffin
wax as phase change material, shape of the latent heat storage, cylinder orientation and effect
of parametersike inlet temperature and flow rate on the performance of the stdtagkenan

and Sivaraman (2017yid an experimental investigation on the performance of thermal energy
storage systems. It is concluded that PCMs can st8rin2es more heat or coldpeolume or

mass, as can be stored as sensible heat in water in a temperature intergal 8hataby et

al. (2014)presented a review on the application of phase change material in the solar dryer.
The advantages of phase change materials over the sensible heat storage material were
investigated. It was concluded that the recent researches focused on PCMs as erergy st
media because of their higher thermal energy storage density compared with sensible heat
storage materials. Also, the importance of paraffin wax as it contains graphite which helps

improve the thermal performance of dryer was explained.

Lane et al (1983) performed an extensive study on solar latent heat storage materials
background and scientific principles. The result shows that, there are about 20,000 substances
with the melting point in the range -BD3 but the majority of them were abandoned tlue

the improper melting point, melting with decomposition or lack of essential reference data.
Among these PCMs, paraffin has shown outstanding performance for application in low
temperatures thermal energy storage systems like solar heating and dadtngviro etal.
(2016)proposed a methodology to select a suitable PCM for a thermal storage application. It
was concluded that, the selection of a PCM must be based on the phase change thermal range,

enthalpy, specific heat, and thermal cycling stghili

Devahastin and Pitaksuriyarat (2006 studied the effect of paraffin wax based thermal energy
storage systems on the drying kinetics of food products. The system consists of a compressor,

temperature controller, heater and latent heat storage (LHS) vessel. The effects of inlet air
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velocitiesof 1 and 2 m/s on the charge and discharge period were determined. The result shows
that, the discharge time was 180 and 165min and 1920 and 1386 kJ min/kg energy were
extracted from the LHS and 40% and 34% energy were saved with an inlet air veloatydof 1

2 m/s, respectively.

Bal et al. (2011)reported in their review tha8harma et al. (2005)studied the changes in the
melting point, latent heat of fusion and specific heat of stearic acid, acetamide and paraffin wax,
both laboratorygrade and commaeri-grade. It was reported that stearic acid melted over a
range of temperatures but was thermally stable and acetamide and paraffin wax showed
reasonably good stability throughout 300 melting/freezing cycles and could be considered as
promising PCMs. It \as also reported that, Abhat mentioned paraffin as qualified energy
storage materials due to their availability in a large temperature range and high heat of fusion.
Furthermore, paraffins are known to freeze without any superco@wgmi et al (2018)
experimentally analyzed two different PCMs, Paraffin wax iC2B(melting point 45183 )

and Paraffin wax C3B3 (melting point 68703 ) for drying fish. The result shows that, Heat
compensation by PCN maintains an average temperature higher than thewltyeut PCM.

PCM-2 was also tested for load condition and the average temperature maintained W@s 36.5

and it was stated that PC®lis not suitable for drying due to its temperature range.

Agrawal and Sarviya (2016)studied the heat transfer characteristics during the charging and
discharging processes of a shell and tube latent heat storage system. The energy storage system
comprises two concentric cylinders and the space between them was filled with paraffin wax
with melting temperature ranging from #1to 553 . The effects of the airflow rate and
temperature on the charging and discharging processes of the storage were investigated. The
result shows that the charging time of the PCM decreased with an increlaséneat transfer

fluid temperature. The discharging time decreased with an increase in the mass flow rate of air.

High discharge temperature was observed at the low mass flow rate of air.

Wang et al. (2013)numerically studied the effect of inlet temperatand mass flow rate of a

heat transfer fluid on the thermal performance of shell and tube latent heat storage system. The
result shows that the inlet temperature of the heat transfer fluid had more effect on thermal
energy storing capacity and meltingeréhan the mass flow rateimilarly, Kibria et al.(2014)

performed both experimental and numerical investigation of a shell and tube latent heat storage
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using paraffin wax as PCM. The result shows that the inlet temperature has a higher effect on
the peformance of the system than the mass flow rate of the heat transfeRftithd and
Banerjee (2014)also experimentally investigated latent heat storage systems using paraffin
wax as phase change material. The result shows that inlet temperatureidiael ffiect on

the heat fraction during the PCM melting than the mass flow rate.

Karthikeyan and Velraj (2011) investigated the transient behavior of a packed bed latent heat
storage. A cylindrical storage tank filled with PCM encapsulated sphericaliroenstavere

used. An enthalpy based numerical model that also accounts for the thermal gradient inside the
PCM capsules was developed, and the governing equations were discretized using the explicit
finite difference method. The result shows that a masg faie of 0.015 kg/s was able to
provide a near uniform heat flow during the charging and discharging processes. It was
concluded that the study was good for designing PCM based thermal energy storage units with

air as the heat transfer fluid like solayithig and space heating applications.

Seddeghet al. (2016)studied the effect of vertical and horizontal cylinder orientation on the
thermal performance of shell and tube latent heat storage systems. The result shows that the
horizontally oriented storades better performance than vertically orien&ichilarly, Gunjo

et al. (2018) studied the effect of cylinder orientation on the average temperature and melt
fraction of paraffin wax filled latent heat storage during the charging process. The result shows
that the average temperature and melt fraction variation is the same fovethl and
horizontal orientations at the beginning of the charging process. It is also reported that the
horizontally oriented system reached a fully charged state much faster than the vertically
oriented system. The rate of melting is higher in thezbatal orientation than the vertical
because of the higher recirculation region along the axial direction than along the radial

direction in the vertical orientation.

Vyshak and Jilani (2007)studied the effect of the shape of the latent heat storagarspst
the melting rate of the phase change material. The result shows that shell and tube arrangement
have a faster melting rate compared to rectangular latent heat storage for the same heat transfer

area and volume.
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U From the above literatures, it can lmcluded that latent heat storages are more preferable
than sensible heat storages due to their high heat storing capacity. From the latent heat
storages, paraffin can be used as a thermal storage material for the following reasons:

V High heat storage capag

Low melting temperature,

Isothermal operation and lesser storage space,

Easy availability,

Large latent heat per unit volume,

Low vapor pressure and small volume changes on phase transformation,

< < <K< K< < <

It is safe, nofreactive and compatible with all naétontainers.

The selection of these phase change materials must be based on the melting temperature range,
enthalpy, specific heat, and thermal cycling stability. It was also observed that shell and tube
arrangementave a faster melting rate comparexdrectangular latent heat storage for the same

heat transfer area and volume and horizontal orientafitre shell and tube storage has better
thermal performance than the vertically oriented shell and tube storage. The charging time
decreases with andrease of the air temperature and air velocity whereas air velocity did not
affect much the discharging time since heat conduction is dominant during solidification.

2.4 Overall literature summary and research gaps

The literature reveals that solar energy has a significant role in the drying sector. By harnessing
solar energy drying of food and other produtas beereffectively accomplished using solar

dryers. The solar dryers reviewam direct, indirect and mixemode with and without thermal

energy storage that works either by natural or forced circuld&om the literature survey, it

is observed that indirect solar dryers have a high drying rate and protect the products from direct
sunlight compared to diresolar dryers. The use of both sensible and latent heat stasages
observed and, latent heat storages store more heat compared to sensible heat storages resulting
in better enhancement on the performance of solar dryers. The most widely used latent heat
storage is paraffin wax with melting temperaturethe range o5 and60 . It was also

observed that;

U Most of the previous works on solar dryers focus on the drying of agricultural products,

fruits, vegetables and medical plants. There are alsofgerattempts on drying of fish but
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thesedryers solely work in the time only when sunlight is availaftiditional study should
be done on fish drying using indirect solar dryghen the availability of sunlight is low or
not available at all

U In the exsting methods, thermal energy storages are placed either at the bottom of the
absorber plate an the drying chamber. Placing the thermal energy storage at these two
sections of the dryers has some disadvantages like the loss of heat from the stbiage to t
sides and top of the absorber and the drying chamber. To minimize this heat loss a separate
system can be used.

Therefore, this study focuses on a solar fish diytexgrated with thermal energy storagigh
a separate arrangement of the dryer andhthkeenergy storage system. Since temperature
control is one of the advantages of thermal energy storage systems, the separate arrangement

can provide better temperature control.

32



CHAPTER THREE
DATA COLLECTION AND METHODOLOGY

In this chapterthe overall methodologfollowed to achieve the objectives of thisesisand
collected data required for this studypresentedBoth theoretical and experimental approaches
are used.The theoretical approacdhk described by using governing equations for the analysis
of each component of the dnyRelated literatureare studied to gain an insight to the area of
interest backgroundnd other influencing factors. The literatuses obtained from academic
literatures, articles, websites elthe experimental approach used to test the performance of
the dryer.The prototypeof the dryerhas beendeveloped after theizing andselection of
materials for each componenias completedThe methodology followed to achieve the

objective of this thesis @sshown inFigure3.1.

Reviewing related literatures addta collection

2 2

Determining parameters required for sizing the solar air dry

4
Determining the size of the solar air heater and the energy stora

]

Energy and exergy analysis of each component of the dryg

: .

Collecting raw materials

L 2

Manufacturing components of the drye

4

Assembling components of the drye

L

Experimental test and validation

]

Conclusion and recommendation

Figure 31: Methodology of the study
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3.1 Data collection

Datais collected from both primary and secondary sources.primeary sources of dai@e
data obtained from interviewing fishermand neteorological data whicis collected fronmthe
nearby metrological station. Secondary sources of data include reference joookals,

literatures and internet.

3.1.1Estimation of fish post-harvestlosses in Ethiopia

The average fishostharvestiosses in Ethiopian lakes estimated by interviewing fishermen
at lake Ziway and based on data obtained from previous researtieeaostcommercially
important fish species found in different lakes of Ethiopia are Nile tilaprgchromis
niloticus), African sharp tooth catfistC{arias gariepinug, Nile perch Lates niloticu}, Barbs
(Barbus spcieg, Redbelly tilapia Tilapia zilli) and Common carp Qyprinus carpid
(Masresheet al, 2017)

The daily fish harvesting potential of a single fishernmmestimatedrom both primary and
secondary data sourceRimary datais collected by interviewing fisheen at lake Ziway
which is one of the freshwater rift valleys of Ethiopia located 161km south of Addis Ababa.
The surface area of lake Ziway is 4k®? and its maximum depth is 8r8. There are seven
indigenous fish species in the lake compridBagbus paludinosus, Garrdembecha, &ra
makiensis, Labeobarbus ethiopiclisbeobarbusintermedius,Labeobarbusmicroterolepis
andOreochromis niloticugGolubtsovet al.,2002; Getahun, 2010acobut al.,2012)
Fishermen usevooden boats and nelts capture the fishThe fishermercatcha maximum of

50 fishes and a minimum of 15 fishes per dstytimes of maximum catchl5 fishes were sold

to customers during periods of high fish consumption3htishes were sold during periods
of low fish consumption. The remaining 5 a@ifishes were discarded due to spoilage during
high and low periods of fish consumption, respetyivl he average weight of a single fish was
2509 and the maximum mass of fishes discarded per day waye 5

Secondarydatais collected fronprevious researchemd the averagestimatedish catchin
Ethiopia was73 fishes peperson peday. Fromthe average Jfish catches, the maximum
number of fishes discardeceve25 and the minimum are10 fishes per dagDemeke, 2015
Gety 2015 Solomon, 2017)The details of the estimation of both primary and secondary data
is presented iAppendix A.

34



3.2 Solar data collection and radiation estimation

Metrological dataf Adamais collected from Eastern and central Oromiya metrological service
center. The collected data includes duration of sunshine hours, maximum temperature,
minimum temperature, relatiieumidity and wind speed for sixears (20132018 G.C)as
indicated inFigures 3.2 and 3.3 Global, beam and diffuse solar radiation incident on a
horizontal and tilted surfacee estimated by taking the average sunshine hours of each month.
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Figure 33: Relative humidity of Adama for an average six years.
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3.2.1 Solar radiation estimation

The amount of solar radiatioralfing on a surface on eartis estimated using several

correl ations that rel ate the radiation out si

with the radiation inside t htordeatoperforcnsolaat mo s p

radiation analysis, the geometric relationship between a plane located on earth and the incoming
solar radiation, that is the position of the sun relative to that plane, should be first determined.

This relationship can be determined usingesal angles (Duffie and Beckman, 2013).

3.2.1.1 Fundamental sun-earth angles
The major angles that describe the geometric relationship between the earth and the incoming

solar radiation from the sun are,

1. Latitude Q): the angular location north sputh of the equator, north positiv80J
N 90J. The latitude of Adama is 8.34orth of the equator.

N

. Declination( ): the angular position of the sun at solar noon with respect to the plane
of the equator, north positive23.45 7  23.45).

1 =2340DE}+——) ééécececeééééééééeeeeeé. é .3

Where, n igheday of the year (counted from January 1).

3. Sl ope or tilt angle (b): the angle bet wee

and the horizontak180 1800
4. Hourang e (¥): the angul ar displacement of
due to the rotation of the earth on its axis atdér hour; positive in the afternoon and
negative in the forenoon.
¥ = [ s all200](inthoumspx 1 6 ééééééééeéeéeéeé. éB2)
5. Zenith anglef( ): the angle between the vertical and the line to the sun, that is, the angle
of incidence of beam radiation on a horizontal surface.
AT[O=ATIATIMATO-rORIOERE. é. .. éé6éééééééd3®eée.
6. Sur f ace azi mudevimtioa of the proje¢tion)on a horlzantal plane of the
nor mal to the surface from | ocal mer i di
7. Angleofincidencef() : t he angl e between the sunds

and normal to that surface.
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3.2.1.2 Estimation of daily extraterrestrial radiation on a horizontal surface

The extraterrestrial radiation on a -eanthr f ace
distance at a specific day and time which is modified to take into account the varying distance
between the sun and the eartdeterminedy (Duffie and Bekman, 2013):

) =) [1.0+0.03AT 66— ée& ééé...¢é...¢eée.&é&&.3
Where, n igheday of the year (counted from Januarafdl) is solar constant =136K/m?,

Extraterrestrial solar radiation that would fall ohaizontal surface at the location is given by:

,,,,,,,,,,,,,,

=) AlfGEéeééeée. .. cécéécééeéeéeée. .. céede) (
lo=) [1.0+0.03AT 6—]1ATTATMATOrORIOE] ¢.é. .. .. .. 37).

The daily extraterrestrial solaadiation on a horizontal surface can be obtained by integrating

equation 8.7) from sunrise to sunset and expressed as:

Ho= ) [1.0+0.03AT 6—)AITATMOBI + OBKIOE] . é¢ 38). . (

Where, sunset hour angle =AT OOANOA) ééééé& . éé.6ééé. (39

3.2.1.3 Estimation of monthly average daily global radiations on a horizontal surface

The first empirical correlation for the estimation of global solar radiatoproposed by
Angstrom. The correlation relates the radiation with the number of sunshingigurs 3.4)

in a day usingmpirical constants obtained by regression analybis.vieltknown Angstrom
relation for estimating the monthly average daily solar radiation on a horizontal surface is given
as (Tiwariet al, 2016):

"""""""""""

—za+hh(-) ééééééeé... éééééééeéeéeéeé. 6. GBA® €

Where,’O is monthly average daily global solar radiation in the terrestrial region,
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¢ and0 arethe dailyand maximum possible daily hours of bright sunshine

ar and h are regression coefficients given, by
a=-0.11+023ATN0r0.32(—) ééeéeééec.ééeééeé .. (311

b1=1.4491 0.533ATNO 0694(—) ¢éé. .. ééééééeééeééésdr. . .

[EnY
o

Sunshine hours
o = N w I (6)] ()] ~ [ee] [{e]
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Months

Figure3.4: Sunshine hoursf Adamafor an average climatic condition of six years

3.2.1.4 Estimation of monthly average daily diffuse and beamadiations on a horizontal

surface

The monthly average daily diffuse radiation on a horizontal surface can be determined from the
monthly average daily global radiation on a horizontal surface and the number of bright
sunshine hours and is given by theretattion (Tiwariet al, 2016):

—=093110814-) ééééééééééécééeéeééeéécéééa8ls

The monthly average daily beam radiation on a horizontal surface is the difference between the

monthly average daily global and diffuse radiations.

,,,,,

O=0 ™0Neéeecéecéeceeccécecceéececeéeeceée. éeeéeldly
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Figure 3.5 shows estimated variations mionthly average daily global, diffuse and beam
radiations on a horizontal surface.

Radiation (kW/m)

=¢=Diffuse radiation =-E=Global radiation =-=Beam radiation

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure3.5: Monthly average daily global, diffuse and beam radiations on a horizuntate.

3.2.1.5 Estimation of monthly average hourly global radiation on a horizontal surface
The monthly average hourly global radiation on a horizontal surface can be determined from

the monthly average daily global radiation (Dutiled Beckman, 201&)sshownin Figure 3.6.

— —(e+AT éeeeéééee.eééee. 31p

Where, a= 0.409 + 0.501® EJ pTmeééeeéeecéeceéeééeé. .. (3.16)

b,=0.6609 0.47670ES o¢mééééééééééééeééeéeée (3.17)
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Figure3.6: Monthly average hourly global radiation on a horizontal surface.
3.2.1.6 Estimation of monthly average hourly diffuse and beam radiations on a horizontal
surface

The monthly average hourly diffuse radiation ohaogizontal surface can be determined from

the monthly average daily diffuse radiation on a horizontal surface (Duffie and Beckman, 2013)
and presented iRigure 3.7.

rrrrr

The monthly average hourly beam radiation on a horizontal surface is the difference between
the monthly average hourly global and diffuse radiatemshown irFigure 3.8.

,,,,,,,,,,,,,,,,,,,,,,,,,,

O=0 ééeéeéeéeéecéeéecéeéececceecéeée. eéeéldl
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Figure3.7: Monthly average hourly diffuse radiation on a horizontal surface.
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3.2.1.7 Estimation of incident solar radiation on atilted surface

The incident solar radiatioon an inclined surface is the sunttegbeam, diffuse and reflected
solar radiation from various surfaces (from a horizontal surface and surfaces surrounding it).
Therefore, the total incident solar radiation on a surface tilted at anfacaebe expressed in

terms of the global, beam, diffuse and the total reflected radiation to the tilted stnfdioe (
and Beckman, 20)&nd shown inFigure 3.9.

© Oy © ‘om eéeéeéeé. ..  éeeéeéed8e0 (
Wherem isreflectivity of ground and its value is 0.2 for ordinary gro(hiavari et al, 2016)

Y is the beam radiation factor which can be defined as the ratio of the incident beam

radiation on a tilted surface to that on a horizontal surface.
Y —ééeééecéééeecééeéeée. éée. ..  eééeeen). (

The collector tilt angler() for south facing collector can be expressed in terms of the latitude

of the location where the collector is placed, usuglly latitude + 18 (Ahmad and Tiwari,
2009).
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Figure3.9: Monthly average hourly incident solar radiation on a tittedace.
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3.2.1.8 Estimation of hourly variation of atmospheric temperature

Hourly variation of atmospheric temperatui® estimated from the daily maximum and
minimum temperaturess shown irFigure 3.10 A sin-exponential model proposed by Parton
and Logan (1981is usedand itdescribes the diurnal cycle by a sine function during daytime
anda decreasing exponential function during nighttime. milagorassumptiorof the modeis

the maximum temperature will ascsometime during the daylight hours before sunset and the
minimum temperature will occur during the early morning holine. mathematical description

for day and nighttime, respectivedye expressed a#arton and Logan, 1981)
YUY Y OER— Y ééeé .gé. .. éeé&.céeée (.2
YooY Y A@GD— Y ééé.ééé. .. éeéeéeé. . eéeé (3.2

Where,"Yis temperature at thiéh hour,
Y and Z ardghe length of the dagnd the nighin h,
a is the lag coefficient for maximum temperatarel.8 h and b is the nighttime
temperature coefficiert2.2
m is the number of hours after the minimum temperature occurs until simadset the

number of hours after sunset until the time of the minintemperature.

1 3 5 7 9 11 13 15 17 19 21 23
Time (hn

Figure 3.10: Average variation of ambient temperaturkds#ma
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CHAPTER FOUR
THEORETICAL ANALYSIS OF THE PCM INTEGRATED
SOLAR DRYER

This chapter presents the theoretical analysis oP@®#! integratedsolar dryer. The analysis
includesestimationof the quantity of energy and mass of air required for the drying process,
sizing of thecomponents of the dryefldt plate solar air heater, latent heat storage and the
drying chambeérandenergy and exergyralysis of the flat plate solar air heatatent heat
storageand drying chambeNumericalsimulationof the solar air heater and latent heat storage

is also presented in this chapter.

4.1 Description of the developed PCM integrated solar dryer

An indirect mode solar dryer integrated with a phase change material is developed in this study
as shown irFigure4.1 The main components of the dryer adpable pasflat plate solar air

heater, a paraffivax-basedshell and tubdatent heat storage system and a drying chamber.

The main source of energy for the dryer is solar energy. Hot air required for theghytegs

is produced by the solar air heater by harvesting solar energy during-$hesinine periods.

This heated air is then passed through the latent heat thermal energy storage system. Part of the
heat from the hot air is transferred to the storagetlamdemaining heat is used in the drying
chamber. The heat stored in the thermal energy storage system is used to heat the air when the
availability of solar energy is low or not available at all. This heated air is then supplied to the
drying chamber whe the products to be dried are placed. Finally, the hot air takes moisture

from the product and leaves the drying chamber.

ﬁ’ e;\‘&"‘og4

%0\'&i w2

Moi st

Drying c

Hot d

L HS Bl ow

Figure 41: Schematic diagram of the developed dryer.
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4.2 Designof the PCM integrated solar dryer

Drying is a process of removing moisture from products and energy is required to remove
moisture.In solar dryers, the drying process is achieved by supplying hot air to the products
from the solar air heater. The energy requitedemove moisture from these praothiis
supplied by this hot aithereforegnergy and@mount ofair requiredshould be first determined.

Sizing of components of the dryer is then done based on the energy and air flow requirements.

Designof the PCM integrated flat plate soldnyer was done based @acapacity of 5g fish
and he following pointsare considere while designinghe dryer

Amount of moisture to be removed from the product.
Amount of energy and air required for drying.
Daily solar radiation to determine energy received by the dryer per day.

Daily sunshine hours for the selection of total dryimgeti

<K < < < <

Wind speed to determine air vent dimensions.

4.2.1 Estimation of energy and air flow requirements
The quantity of energy and air flow requiréat the drying procesmainly depends on the
amount of moisture to be removed from the product. Thasemeters can be determined from

the principle of psychometgndenergy balance equation.

The following assumptions were made to estimate the amount of exredtgirflow required

for the drying process:

Average initial moisture content of fisii5% (wet basisfSwamiet al.,2018)
Desired final moisture content of fish®% (wet basis)
Average ambient temperature of Adar@a:

Average relative humidity of Adam&5%

< < < < <

Desired drying air temperature: 50

To preserve the color, texturdlavor and nutriiond value of fish, the recommended
temperature for dryi ng (@Rezeetal, 2089; Swametah 2018 ange
Sengaret al, 20®; Hamdaniet al, 201§. Taking the average of these values, the desired

drying temperature was taken as 50
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The amount of moisture to be removed from the produc} furing the drying process can be

determined a@~orsonet al, 2007)

""""""""""""

a ———¢ééééeceececeééééceeceeceeeeée. . . eee. (4.

Where,& is mass of the product to be dried inday,
0 and0 are initial and final moisture contents of the product on a wet ba%s in

The amount of energy required to evaporatekg of moisturewas expressedas (Fudholi et
al. 2014)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 O Qééééééeéeéeeeceeeeeceeceeeeeeeeeee. .2(4.

Where,"Q is the latent heat of evaporatiam kJ/kg HO, which can be determineasing

equation 43 and is to be increased by 20% to remove the bound moisture from the product
(YoucefAli et al, 20QL):

//////////

Q p& TPYPYOWYTMPréeeéé.eeééée..eéé.eééeée. .3(4.

al., 2007)"Y 1®& vo’Y Y ééé .eeeéééeeceééée.eeeée (4p.

Y M uo v QY TB ,Q p& TRYQWXT® Q@ TB ¢ YPOETEC
Substituting the values & 5kg,0  75%andb  10%into Eqn. (4.1) yields the amount
of moisture to be removed from the produt,=3.6 kg andfrom Eqn. (4.2)the amount of

energy required to evapora@e kg of moistureis 0 10.345MJ.

The amount of air required for the drying process can be determined from the psychrometric
chart if the equilibrium moisture content of the drying air is known (Shatnad, 1986). If
ambient air is heated from state A to state B, its relative humidityedses and dry bulb
temperature increases as showrfFigure 4.2. When drying air at a temperature of and

relative humidity ofYQ passes through the drying product, its specific and relative humidity
increases until an equilibrium state C is reached and the moisture content of the product at this

state is known as equilibrium moisture content.
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Where,0 is the final or specific humidity of air corresponding to equilibrium condition and,

0 is specific humidity of air at the beginning of drying prodedsy vapour/kg dry air
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Figure 42: Sensible heating and theoretical drying on psychrometric chart.

The final or equilibrium specific humidity can be obtained from the final or equilibrium relative
humidity using the psychrometric chart. The final @uigbrium relative humidity was
calculatedrom the sorption isothernequation Dasinet al, 2019).

YQ priané é e ééécééécéécéecéecéececéecee . éeeéé. (46
Where, YQ is the final or equilibrium relative humidity #b,

@ is the water activity determined using g ption isothernequation

% . 8 8 e,
W p Q eeéeéeéééeécceeceeeeéeéeéeeee.4n
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Where,0 is moisture content oadry basis inpercentag@and can bexpresseds:

0 piéieeééeececeééeéeececeecééeeceeeéé ... (48

Substituting the values ob p Tt Bnto Eqgn. (4.8) givesd p @ p RNd puttingd
p@®pHntoEgn (4.7)yieldsd T pA&4YQ pmnmnmmdpriu@ T b

As shown in the psychrometric ch@figure 4.2) when ambient aiata temperature 18

and relative humiditys5% is heatedo 50 , its relative humidity decreases t6% at a
constanspecifichumidity of 0 18t p okg water/kg dry air. The dry bulb temperature and
specific humidity corresponding to a relative humiditypdf44b are”Y  34.5 and
0.019 kg vapour/kg of dry air, respectively. Substituting the valués ahdv into Egn. (4.5),

the quantity of air required to remove &g of moisture id 654.54kg.

The amount of air required for the drying process can also be determined from the energy
balance equation:

~
""""""""""""

0 G 0 Y Y éééééé.ééeéécééeécececececeé...(49

Where, & is mass of drying ain kg,
“Y and”Y aredrying airtemperature andry bulb temperature of air corresponding to
equilibrium state G n .
0 is specific heat of humid air klkg. K, 6 p&t L PR Y.
Substituting thevalues of0 10.345MJ,°Y 503 ,"Y 345 a 0 d=1.08 kJ/kg.K
into Eqgn. (4.9) givesi 646.098kg which is almosthe same as thealueobtainedn Egn.
4.5.

The mass flow rate of air needed fliying was determineds(Forsonet al., 2007)

a —éééeééeééécécécéeceeeee..eeeéeée...ée (4.10)
Where,0 is the drying time in h.

The mass flow rate of the drying aiffects he size of the components of the drged the
energy requirement he higher the mass flow rate, the larger the size of the compa@mehts

the energy requirementhe average drying time 68h in different solar dryers varies froéh
h to 3 h (Yuwanaet al, 2003; Hamdanrgt al, 2018;Sengret al, 2009;Swamiet al, 2019.
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Assuming the average value of the drying time®&f lthe total mass flow rate of air is found
to be 0.0Xkg/s.

The volumetric aiflow rate wasexpresseds:co —€é¢é .6éééééé. .. éé (4.11)

Where, is density of drying air1.18kg/m®.
Substituting the values of 18t kg/sand PP Ykg/m? @  0.0B5m?s.

4.2.2 Sizing of the energy storage

A phase change material (PCM) baséell and tubdatent heat storage unit is selected as

thermal energy storage for the developed solar drying system to reduce the fluctuations in the
drying air temperature and also continuing the drying process for a few Mmbershell and

tube type LHS have a fasteelting rate compared to rectangular LHS for the same heat transfer

area and volume (Vyshak and Jilani, 2000 fix the size of the storage required for the drying

process, the appropriate PCM should be selectedThrstmain criteria for selecting PGiNbr

drying operation is their melting temperatufé&e minimum melting temperature of the PCM
shouldbe5t010 hi gher than the desiar(tadeettae D83 r at ur e
The desired average air temperature of the solar dsyistem is 50 . Therefore, p
wax of average melting temperature of&B i's selected as LM si nc ¢
and easily available in the local markieist of some important paraffins and properties of the

selected paraffin wax are pegded in Table 4.1 and 4.2, respectively.

Table 41: List of some paraffingLingayat and Suple, 2013).

Paraffin Melting temperature range () | Heat of fusion (kJ/kg)
6106 44 189
P116 45-48 210
5853 4850 189
6035 58-60 189
6403 62-64 189
6499 66-68 189
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Table 42: Properties of the selected paraffin wax.

PCM Melting point| Heat of fusion| Thermal conductivity Density | Specific heat
() (kJ/kg) (W/m. K) (kg/m?®) | (kJ/kg. K)
Paraffin | 58-60 189 0.22 918 2.384

wax

The latent heat storage is a shell and tube heat exchanger. The drying air passes through the
tubes and the shell is filled with paraffin wax. Heat is transferred from the hot air to the paraffin
wax through theubes during the charging process and the process is reversed during the
discharging timeThe heat was stored during the day time when the solar radiation was
available to heat the air in the solar air heater and this stored heat will then be sughked to
drying chamber when there is no more heat supply from the solar air heater.

The latent heat thermal energy storage system was designed for storing the heat needed in the
drying chamber for the drying procegsssuming the storage will store the heat 2ooff-

sunshine hours per dapgtquantity of heat needed to be stored in the latent heat thermal energy
storage systentan be estimated bgonsidering a safety factor of 1.5 for the change in
temperatur”’Y="Y Y (Niyaset al, 2017).

~

0 G 6 0pdYYééééeceeceeeéééée . 6é6é¢é.666¢6¢é. . 2(4.1

The amount of PCM required to stabe amountof heat in the latent heat thermal energy

storage system was determirex{Niyaset al, 2017)

N s s 7 7 £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ r £ £ £ z

O G 0D éééééééééééécéééeéé . 6éeééé...ééééél (4.1

Where, & and0d arethe massnd latent heat of fusiasf paraffin waxin kg andkJ/kg.

The volume of the PCM can balculagd from,w —eéée.eééeéée (H.1

The volume of the tank is the sum of thdume of the PCM and the volume of the tubes.

rrrrrrrrrrrrrrrrrrrrrrrrrrrrr

W W Wweéééééécéecéeéceéeeeeeeeececececee (1.

The volume of thetubesiso “&£Y 0éééééeééeééeéeééeééeéee. . 16 (4.
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