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ABSTRACT

Drying of food and agricultural products is indispensable for preservation and storage, easy
handling, and reduction in the transportation cost. It is a moisture removal process from the
hygroscopic materials. It involves the application of heat to vaporize liquid moisture from the
food and agricultural products. The drying process varies from the simple open sun drying to
the very complex industrial drying. Various sources of energy are used to supply the energy
required for the drying process. Solar energy is the most widely used energy source in the
drying process. It is used directly or indirectly to dry food and agricultural products. The open
sun drying is the direct application of solar energy. In the indirect application, solar energy is
used to produce hot air which is used for the drying application. It is known as the solar drying.
The solar drying is an efficient drying process compared with the traditional sun drying.
However, the intermittent nature and the uncertainty in the availability of the solar energy affect
the reliability and the application of the solar dryer. The incorporation of the thermal energy
storage or the auxiliary heater eliminates this shortcoming.

In this study, a solar dryer consisting of a solar air heater panel, a latent heat storage
module, a blower, and a drying chamber has been developed. Two double - pass type solar air
heaters are connected in series for the solar air heater panel. The latent heat storage module is
basically a shell and tube heat exchanger. The shell side of the thermal energy storage is filled
with paraffin wax as the storage material. The drying chamber is a rectangular horizontal box
having six drying trays. The design calculations of the dryer comprise of the estimation of the
required heat energy, air flow rate, quantity of thermal energy storage material, area of the solar
air heater panel, and drying bed area. The components of the dryer were fabricated with the
materials purchased from the local markets. Then the developed dryer was tested by drying
some of the agricultural products available in the prevailing weather conditions of the North -
Eastern part of India.

The preliminary experiments on the dryer were carried out without the thermal energy
storage material. The first experiment was performed to study the kinetics of the drying process
of Ghost chilli. A comparative study was also made by drying the product simultaneously in
the open sun. The Ghost chilli samples were dried from its initial moisture content of 85.5%
(w.b.) to the final moisture content of 10.5% (w.b.) in 123 h and 193 h in the developed solar
dryer and the open sun, respectively. The moisture ratio data obtained from the drying
experiment was used to perform non - linear curve fitting with eleven thin layer drying models

available in the literature. The best model was chosen based on the criteria of the highest value
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of the coefficient of determination, and the lowest values of the reduced chi - square and the
root mean square error. Among the eleven drying models, the Page and the Modified Page
models for the open sun drying and the Midilli and Kucuk model for the solar dryer drying
were found to be the most suitable drying models representing the drying process of the Ghost
chilli. The effective moisture diffusivity of the solar and the sun dried products was estimated
by graphical method. It was found to be 3.37 x 10°® (m?/s) and 2.04 x 10°® (m?/s) for the solar
drier drying and the sun drying of the Ghost chilli, respectively.

The second experiment was performed to carry out energy and exergy analyses of the
drying process of the Ghost chilli and the sliced ginger. 9 kg of Ghost chilli and 13 kg of sliced
ginger were dried in the dryer separately. The moisture content of the Ghost chilli was reduced
to 12% (w.b.) from its initial moisture content of 85% (w.b.) in 42 h at the drying air
temperature range between 42 °C and 61 °C and the air flow rate of 0.02 kg/s. The moisture
content of the sliced ginger was reduced to 9% (w.b.) from its initial moisture content of 87%
(w.b.) in 33 h at the drying air temperature range between 37 °C and 57 °C at the same mass
flow rate. The thermal efficiency of the first solar air heater was in the range of 22.1— 40.2%
and was found to be higher than that of the second solar heater (connected in series with the
first one) in the range of 9.6-19.5%. The specific energy consumptions of the Ghost chilli and
the ginger were found to be 18.7 kW h/kg and 8.8 kW h/kg, respectively. The overall efficiency
of the dryer was found to be different for different products. It was 4% for the Ghost chilli
drying and 8.5% for the sliced ginger drying. The exergy efficiency of the drying chamber was
in the range of 21-98% with an average of 64% for the Ghost chilli drying, and it was in the
range of 4-96% with an average of 47% for the ginger drying.

In the third experiment, the shell side of the shell and tube heat exchanger of the thermal
energy storage module was filled with 34 kg of paraffin wax of the average melting temperature
of 58 °C, and the dryer was tested by drying a local variety of red chilli. The red chilli was
dried in the temperature range of 35-61 °C with an average of 50 °C. The moisture content of
the chilli was reduced from 73.5% (w.b.) to 9.6% (w.b.) in 40 h. The dryer was operated daily
for 10 h from 8:00 h to 18:00 h. The performance of each component of the drying system was
evaluated by the energy and exergy analyses. It was found that the exergy efficiencies of the
first and the second solar heaters were 0.9% and 0.8%, respectively. The energy and exergy
efficiencies of the latent heat storage unit varied between 36.4% and 42.2% and 13.7% and
17%, respectively. The exergy efficiency of the drying chamber was found to be in the range
of 24.3% and 98.1% with an average of 52.2%. The specific energy consumption of the red
chilli and the overall efficiency of the drying system were found to be 6.8 kW h per kg of
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moisture and 10.8%, respectively. The electrical energy consumption in the dryer (running the
blower) was found to be 0.7 kW h per kg of moisture which was only 10.3% of the specific
energy consumption. The dryer was also tested by drying green chilli. The drying of the green
chilli was accomplished successfully. Eventually, economic analysis of the dryer was carried
out employing annualised cost method. It was found that the cost of the product dried in the
solar dryer was Rs.42.7 and that of the same product dried in the electric dryer was Rs. 81.4.
The Ghost chilli, sliced ginger, a local variety of red chilli, and green chilli were dried
successfully in the developed solar dryer. Qualitatively, the colour of the agricultural products
dried in the solar dryer was found to be better than that of the same products dried in the direct
open sun. The energy and exergy efficiencies of the solar air heater panel decrease with increase
in the number of solar air heater in series. The energy and exergy efficiencies of the drying
chamber depend on the type of the product dried, loading of the drying chamber, and the drying
time. The exergy efficiency and the potential of the recirculation of the exhaust air of the drying
chamber increase with the progress in the drying time. The integration of the energy storage
into the solar dryer reduces fluctuation in the drying air temperature during the cloudy period
of the day and maintains the drying air temperature in the close range. It also extends the drying
time beyond the sunshine hours of the day. Thus, the results of the study show that the

developed solar dryer fulfils the intended objective of this work.
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NOMENCLATURE

Notation Notation

A dimension less coefficient c empirical model constant

Adt area of drying bed (m?) ¢ empirical constant (1/ °C-s)

Ag,y  areaof solar air heater (m?) D distance (m)

a empirical model constant Dett  effective moisture diffusivity (m?/s)

a’ empirical constant (1/5) Dnr  hydraulic diameter (m)

B dimension less coefficient Dt tank diameter (m)

b empirical model constant Dyp  tube pitch (m)

b empirical constant (1/s?) dip diameter of tube (m)

C dimension less coefficient Ex exergy (J)

Ca annualised cost of the dryer (Rs.) Ex  exergy flow rate (J/s)

Cac annualised capital cost (Rs.) F frozen fraction of PCM

Ced capital cost of dryer (Rs.) Fe capital recovery factor

Car cost of the dried product (Rs.) Fo frozen fraction of PCM solidified at

the end of discharge period

Cele unit cost of electricity (Rs./kW h) Fs salvage fund factor

Cn specific heat of fluid at constant g acceleration of gravity (m/s?)
pressure in the 1% fluid pass (J/kg -K)

Cr specific heat of fluid at constant Jo drying constant (1/s)
pressure in the 2" fluid pass (J/kg-K)

Csmi specific heat of storage material in h specific enthalpy (J/kg)
liquid state (J/kg-K)

Cm annual maintenance cost (Rs.) hcon  convective heat transfer coefficient

(W/m?2-K)

Cre annual electricity cost for running the  hgg enthalpy of evaporation (J/kg)
blower (Rs.)

Crf annual running fuel cost (Rs.) ho drying constant (1/s)

Crpa specific heat of air at constant pressure hy radiative heat transfer coefficient
(I/kg-K) (W/m?2-K)

Csm specific heat of storage material in hwi convective heat transfer coefficient

solid state (J/kg-K)

vii
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klko,kl

Mdrp

mdpa

Mapp

My

NTU
Np

Nu

interest rate (%)

thermal conductivity of the fluid
(W/m - K)

empirical coefficients in drying
models (1/s)

latent heat of fusion (J/kg)

slice thickness (mm)

empirical constant

length of solar air heater (m)
length of tube (m)

moisture content (w.b.) (%)
equilibrium moisture content (d.b.)
(%)

moisture content at t = 0 (d.b.) (%)

moisture content at t (d.b.) (%)
moisture ratio

average moisture ratio

mass (kg)

mass flow rate (kg/s)

mass flow rate of air (kg/s)

dry mass of the product (kg)

quantity of product dried per year (kg)

quantity of product dried per batch
(kg)

quantity of the moisture (kg)
number of observations

number of transfer unit

number of drying days per batch
number of drying days per year

Nusselt number

viii
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Rhe
RMS

SAH

SEC

Ta

To

pr
Tc

number of constants

number of tubes

pressure (N/m?)

power consumed by the blower (W)
total power input to dryer (J)

heat transfer (J)

heat transfer rate (W)

thermal energy stored (J)

useful heat gain of SAH (W)

heat flux (W/m?)

solar radiation absorbed by the cover
plate (W/m?)

Reynolds number

inner radius (m)

outer radius (m)

gas constant of air (J/kg-K)

gas constant of water vapour (J/kg-K)
relative humidity in decimal

root mean square error

coefficient of determination

solar air heater

specific energy consumption (J/kg)
temperature (K)

average temperature of absorber (K)
average temperature of base plate (K)
boiling point of water (K)

average temperature of cover plate

(K)



Tri

Tn

Tflo

Tr

Tf20

Tid

Tm
Tod

Ts
Tsky

thr
Up
Ut

Va
fo

temperature of fluid at the inlet of the
first fluid pass (K)

average temperature of fluid pass in the

first pass (K)

temperature of fluid at the outlet of the
first fluid pass (K)

average temperature of fluid in the
second fluid pass (K)

temperature of fluid at the outlet of the
second fluid pass (K)

drying air temperature (K)

melting temperature (K)

dry bulb temperature of air at equilibrium

condition (K)

average temperature of the product (K)
apparent sun temperature (K)

sky temperature (K)

time (s)

drying time (h)

annual running hour of the dryer (h)

overall bottom loss coefficient (W/m?-K)

overall top loss coefficient (W/m?-K)
salvage value (Rs.)

annualised salvage value (Rs.)
volume of paraffin wax (m?)

tank volume (mq)

viscosity (N-s/m?)

total volume of tube (m?)

velocity of air (m/s)

wind velocity (m/s)

specific humidity of air (kg vapour/kg
dry air)
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Wi

Wi

74

amb
a,b

specific humidity of air at equilibrium
condition (kg vapour/kg dry air)
specific humidity of drying air (kg
vapour/kg dry air)

work transfer rate (J/s)

thickness (m)

reduced chi-square

width of solar air heater (m)
height from reference plane (m)

Greek Symbols

absorptivity of the absorber plate
absorptivity of the cover plate
emissivity of the absorber plate
emissivity of the cover plate
maximum effectiveness (%)
Stefan-Boltzman constant (W/m?2-K#)
transmissivity of the cover plate
non-dimension time variable
efficiency (%)

density (kg/m®)

bulk density of the product (kg/mq)
porosity of the bed (%)
dimensional parameter

viscosity (N-s/m?)

Subscripts

ambient

absorber to base plate



a,c absorber to cover plate f1 first fluid pass

a, f1 Absorber to first fluid pass fic first fluid pass to cover plate
b, air  bottom plate to air f2 second fluid pass

c,air  cover plate to air f2, b second fluid pass to base plate
c, sky  cover plate to sky i initial or inlet

ch charging in input

cr critical ins insulation

con convective Is loss

d dryer 0 outlet

da drying air p product

db dry basis pf paraffin wax

dc drying chamber pr predicted

dest destruction rd radiation

dich  discharging r reference

ds drying system re received

dt drying bed SAH -1 first solar air heater

es energy storage SAH - 2 second solar air heater

ex experimental sm storage material

Ex exergy wb wet basis

f final/ fluid
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Chapter - 1

Introduction

1.1 Introduction

Preservation of food and agricultural products is indispensable for food security and safety.
Inappropriate methods of preservation and storage bring about losses of cereals and fruits
ranging from 10% to 30% and 50% to 70%, respectively (Yaldyz and Ertekyn, 2001). Drying
or dehydration is one of the oldest techniques of preservation used by humankind. The main
objective of the drying is to reduce the moisture content of food and agricultural products to
the safe storage level at which the products can be stored for a longer period without any
deterioration. The low moisture content prevents the growth of microorganisms such as
moulds, bacteria, and yeasts and reduces the chemical reactions deteriorating the quality of the
products (Bahnasawy and Shenana, 2004). It also reduces the weight and volume of the
products resulting in minimum packaging, storage, and transportation costs (Akpinar, 2006).
Thus, the drying process prevents the spoilage of the food and agricultural products after

harvest and makes them available for the consumption throughout the year.

1.2 Drying Process

Drying process involves the application of heat to vaporise moisture from the food and
agricultural products and therefore, simultaneous heat and mass transfer occurs in the drying
process. In addition to the heat and mass transfer, physical changes such as shrinkage, puffing,
and crystallisation and biochemical changes such as colour, texture, and odour also take place
during the drying process. The heat is supplied to the drying material from an external source
by convection, conduction, radiation or combination of them depending on the types of the
drying method. Depending on the mode of heat transfer, the drying processes are mainly
classified as convective drying, conductive drying, and radiative drying. In the convective
drying, hot dry air directly comes in contact with the surface of the products and removes the
moisture from its surface. In the conductive drying, the moist material is brought into contact
with a hot surface. In the radiation mode, the material to be dried is placed in a microwave or

radio frequency electromagnetic field.
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1.2.1 Convective drying

The convective drying is the most widely used drying method. In this method, the hot air is
supplied either across a layer of products or parallel to one or both surfaces of the layer of the
products. The heat is transferred from the hot air to the products due to the temperature gradient,
and the moisture is released from the products to the air. The moisture is transferred from the
drying materials by two mechanisms (Belessiotis and Delyannis, 2011).

e Transport of moisture from the inner structure of the material to the surface.

e Transfer of moisture from the surface of the material to the surrounding air.
The moisture transport within the material may take place by any or combination of the
following mechanisms of the mass transfer (Mujumdar and Devahastin).

e Liquid diffusion; it takes place when the temperature of the liquid is below its
boiling point.

e Vapour diffusion; it occurs when the liquid vaporizes within the material.

e Knudsen diffusion; it happens when the drying is carried out at low temperature
and pressure.

e Hydrostatic pressure diffusions; it occurs when the internal vaporisation
becomes higher than the transport of the moisture through the material to the
surrounding.

e Combination of the above mechanisms.

In the convective drying, the moisture removal rate or the drying rate, which is defined as the
mass of water vapour removed per unit time per unit mass of the dry matter, depends on the
following factors (Berk, 2009).

e Internal conditions such as porosity, moisture content, size, and shape of the

materials to be dried.

e External conditions: air temperature, velocity, and relative humidity.

1.2.2 Drying periods

The drying process of the hygroscopic material takes place in two stages (Midilli and Kucuk,
2003a). The first stage is known as the constant rate period. It takes place at a constant drying
rate and generally occurs at the surface of the material when it is saturated with moisture. The
surface of the material is maintained at the saturated condition by the rapid movement of the
moisture within the material. The second stage is known as the falling rate period. It occurs

when the rate of transport of moisture from the inner structure of the material becomes lower

2
TH-1610_ 13613022



Chapter - | Introduction

than the moisture evaporated from the surface of the material. It starts at the critical moisture
content, the moisture content corresponding to the end state of the constant rate period. There
are two stages of the falling rate period. The first stage falling rate period starts when the surface
of the material is not saturated with water or the constant rate period ends, and the moisture
diffusion is controlled by the internal liquid movement caused by the concentration of moisture
and the internal conditions. The first falling rate period ends when the moisture content of the
material reaches the equilibrium moisture content corresponding to the relative humidity of the
drying air. The equilibrium moisture content is the moisture content of the product at which
the vapour pressure of water in the material is equal to the partial pressure of water in the
surrounding air. Inthe second stage, the dominant mechanism of the mass transfer is the vapour

diffusion (Belessiotis and Delyannis, 2011).

-«— Phase-| —»-«—— Phase-I| —»
B C

> /
=]
Y

(7]
° Al 3 Phase-1I
X —~~ (&)
= Cc o
(S22 a
SR $ o
2w =
S E =

[«5)
e <= D

4

—»  Drying time (h)

Fig. 1.1 Drying periods curve.

In Fig.1.1, the process AB represents the initial heating process of the material. The
process BC represents the constant rate drying process. The point C is known as the critical
point from which the falling period rate begins. The processes CD and DE denote the first and
the second falling rate periods, respectively. The drying process of most agricultural products
occurs in the falling rate periods.

Drying methods vary from the simple traditional open sun drying to the very
sophisticated industrial drying. It is an energy - intensive operation as the latent heat of
evaporation is required for the removal of moisture (Kudra, 2004). Different sources of energy
such as coal, LPG, solar energy, and biomass are used to supply the energy required for the
drying process. The energy requirement for most industrial dryers is met by the conventional
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fossil fuels. Among the renewable energy sources, solar energy is known to be the most widely
used energy source in the drying process. It has been used by humankind since time
immemorial for drying foods and agricultural products. It is a clean, cheap, and

environmentally friendly energy source.

1.3 Open Sun Drying

Open sun drying has been practised for drying food and agricultural products for over many
centuries. In the traditional open sun drying process, the products are spread out in thin layers
on the ground, concrete floor, mat or tray and are directly exposed to the wind and the sun. The
products surface directly absorb the direct and diffuse radiations resulting in rising of the
temperature of products. Some percentage of the converted heat of the sun radiations
evaporates the moisture from the products, and the major percentage is lost by convection,
conduction, and re - radiation. The moisture is removed by the surrounding atmospheric air.
The open sun drying is one of the largest applications of solar energy. It is widely

practised in the rural areas of the developing countries. Small farmers of the rural areas in the
developing countries (who produce around 80% of the food products) practice the open sun
drying to dry food and agricultural products (Murthy, 2009). However, the open sun drying
process has many limitations such as

e contamination of the products due to dust, birds drop, etc.,

e longer drying time due to slow drying rate as the product is dried at low

temperature and high relative humidity,
e difficulty in controlling the drying process,
e losses of natural colours and minerals caused by the direct exposure to the sun
radiation,

e losses of the products due to insects, birds, and adverse weather, and

e large drying area requirement and high labour cost.
In spite of having many disadvantages, the sun drying is widely practised in the rural areas
owing to the low cost and the requirement of unskilled labour. The drawbacks of the sun drying

led to the development of the solar dryers.

1.4 Solar Drying
The process of the solar drying is an efficient way of utilising solar energy in the drying process.
It is a form of the convective drying. In the solar drying process, the products are dried in an
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enclosed space or in a drying cabinet at an elevated temperature. The main objective of the
solar drying is to supply more heat to the products than it is available under the normal sun
drying conditions. In the solar dryer, the product is dried at the high temperature and low
relative humidity compared to the open sun drying for the same solar radiation intensity. The
high temperature increases the vapour pressure of the moisture content of the product
sufficiently and also reduces the drying air relative humidity resulting in high drying rate and
the moisture carrying capacity of the drying air (Weiss and Buchinger).

In the solar drying process, the external drying parameters such as drying air
temperature, mass flow rate, relative humidity, and heat input can be controlled with a fan or
similar type of devices and auxiliary heat sources (i.e., electricity, fossil fuels, and biomass).
The deficiencies of the direct sun drying can be overcome here, and therefore, it has the
following advantages:

e high drying rate,

e the products can be dried in a short period with the desired quality in a clean
environment,

o the original colour and texture are preserved,

e large quantity of the products can be dried in a small space with less labour,

e drying operation can be performed during off - sunshine hours and bad weather
also if a backup heating system and/or the thermal energy storages are
integrated into the solar dryers, and

e the food materials and crops which are photosensitive can be dried in the solar
dryer without affecting their colour, flavour, and nutritional values.

A solar drying system consists of the following components depending on the type. All the
components may not be required for some of the solar dryers.

e A drying chamber with drying tray to dry the product: it may be covered with a
transparent or an opaque sheet depending on the type of the dryer.

e Solarair heater: it is the main component of some of the solar dryers. It produces
the hot air necessary for drying by harvesting solar energy.

e Chimney system for the natural circulation dryer and fan or blower for the
forced circulation dryer to circulate air in the drying system.

e Auxiliary heating unit to supplement the heat requirement during inadequate or
unavailability of the solar radiation.

e Thermal energy storage to store energy harvested from the solar radiation during

the daytime and use the same during the night - time or the cloud cover.
5
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1.4.1 Types of solar dryer

Numerous types of solar dryers have been developed for drying food and agricultural products.
The solar dryers have been broadly classified into two categories depending on the movement
of air, namely (Patil and Gawande, 2016).
e Passive solar dryers; and
e Active solar dryers.
The active and passive solar dryers can be further classified as (El - Sebaii and Shalaby, 2013).
e indirect - type solar dryer;
e direct - type solar dryer;
e mixed - mode - type solar dryer; and

e hybrid - type solar dryer.

1.4.1.1 Passive solar dryers

Passive solar dryers are also known as the natural circulation or natural convection solar dryers.
The flow of air in the passive dryer is purely due to density difference. It uses only renewable
energy sources and runs without any electricity. The passive dryers are easy to construct with
the locally available materials and suitable for any remote area where the electrical grid is not
available. However, it has some disadvantages. The flow rate of air is not adequate for drying
larger crops mass, and the flow of air does not take place during the night - time and the bad

weather. The overall drying rate is slow due to poor moisture removal rate.

1.4.1.1.1 Indirect - type passive solar dryer (IPSD)

Solar dryers are classified as the direct - type and the indirect - type depending on the exposure
of the products to the solar radiation. In the IPSD, the products are not directly exposed to the
solar radiation and are dried by the hot air. A simple IPSD consists of a solar air heater and a
drying chamber. Ambient air is heated by the solar air heater and then flows to the drying
chamber up through the bed of crops due to buoyancy forces caused by the temperature
difference. The drying chamber generally consists of perforated trays or mats where the
products are kept, and the hot air is supplied from the bottom of the trays. Figure 1.2 shows a

typical indirect - type natural convection solar dryer developed by Pangavhane et al., 2002,
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Fig. 1.2 An indirect - type natural convection solar dryer developed by Pangavhane et al.,
2002.
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Fig. 1.3 A box - type solar dryer.

1.4.1.1.2 Direct - type passive solar dryer (DPSD)

The DPSD does not have a separate drying chamber. The product is placed in the air heating
unit and absorbs the solar radiation transmitting through a transparent sheet. There are different
types of the direct - type solar dryer: box/cabinet - type, tent - type, and green house - type solar
dryers. The box type cabinet dryer developed by the Brace Research Institute of Canada is

.
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shown in Fig.1.3. It consists of a wooden box, a transparent cover at the top of the box, and
drying trays. The inner side of the box is painted black, and the bottom and sides of the box are
insulated. The product to be dried is placed on the trays. The solar radiation transmitting
through the transparent cover gets absorbed on the black surface. The temperature inside the
dryer rises due to the accumulation of energy. The box is provided with vent holes for
circulation of air. This type of dryer is simple and cheaper to construct but it has some
limitations like overheating of the products, poor moisture removal, small capacity, and
damage of colour due to exposure to the solar radiation.

1.4.1.1.3 Mixed - mode - type passive solar dryer (MMPSD)

The structural features of the MMPSD are the same as the indirect - type passive solar dryer.
The drying chamber of such dryer is constructed with transparent walls. An MMPSD
developed by Jain, 2005 is shown in Fig. 1.4. The solar air heater produces the hot air by
trapping solar radiation, and the air flows to the drying chamber from the solar air heater due
to the natural convection. The product is heated by the solar radiation transmitting through the
transparent walls as well as by the hot air generated by the solar air heater. The flow rate of air
and the drying rate are high in this type of dryer due to high air temperature in the drying

chamber.

Absorber plate

Second cover

First cover

¥ Insulation

Storage

Fig. 1.4 A mixed - mode - type natural convection solar dryer (Jain, 2005a).
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1.4.1.1.4 Hybrid - type passive solar dryer (HPSD)

The HPSD is integrated with either a thermal energy storage unit or an auxiliary heating device.
The thermal energy storage stores the excess heat harvested during the daytime in the form of
sensible or latent heat. The heat retained in the storage is used during off - sunshine hours or
cloudy periods. Some of the common storage materials used in the solar dryers are rock,
pebbles, paraffin wax, water, etc.

Solar energy is intermittent in nature and time dependent. The drying operation is
interrupted during the cloudy period and rainy days. Therefore, an auxiliary heating system is
incorporated into the dryer to continue drying operation during the adverse weather and the
night - time also. The auxiliary heating system may be wood stoves, electric heaters, and liquid
or gas fuel burners. Figure 1.5 shows a hybrid - type passive solar dryer developed by Madhlopa
and Ngwalo, 2007. The dryer consists of a solar air heater with a thermal energy storage, a
biomass backup heater, a drying chamber, and a chimney.

Solar chimney

Air vent

Glass cover Drying bed

ete absorber
Rock pebbles
Drying air

% Steps
inlet |, // \

Drum N \R_
Concrete base Réctangular duct

Biomass burner

Brick wall j‘

Vermiculite

Fig. 1.5 A hybrid - type natural convection solar dryer (Madhlopa and Ngwalo, 2007).
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1.4.1.2 Active solar dryers

Active solar dryers are also known as the forced circulation or forced convection solar dryers.
In the active solar dryers, an external device like a fan or similar type of device supplies the
hot air required for the drying operation. The electrical power required for running the fan or
blower is supplied from either the grid or a solar photovoltaic module. The active dryer has
some advantages over the passive dryer. It reduces the drying time by enhancing the rate of

heat transfer. In this type of dryer, the flow rate of air and the temperature can be controlled.

1.4.1.2.1 Indirect - type active solar dryer (IASD)

The IASD consists of mainly a solar air heater, a drying unit, and a fan for circulation of air
and air ducts. The fan of the dryer helps in proper controlling of the air flow rate which is an
important parameter affecting the drying rate. The indirect - type active solar dryer with an
electrical heater developed by Reyes et al., 2013 for drying chilli is shown in Fig. 1.6. A
centrifugal fan is provided to supply air through the air heater to the drying chamber.

Exit air

Electrical heater \|| — — — —| — — — -
Drying chamber

Centrifugal fan

Fig. 1.6 An indirect - type active solar dryer (Reyes et al., 2013).

1.4.1.2.2 Direct - type active solar dryer (DASD)

The constructional feature of the DASD is the same as the direct - type-passive solar dryer. In
this type of dryer, an exhaust fan is provided to expedite the removal of saturated moist air
from the drying chamber - cum - the air heater. The exhaust fan runs on electricity supplied by
the grid or the solar photovoltaic module. Figure. 1.7 shows a greenhouse type DASD
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developed by Janjai et al., 2011 for drying banana. In this dryer, the fans run on the electricity

produced by the photovoltaic panel.

Fans (air outlet)

olar cell
module

Iron tube
structure

Polycarbonate

2 me

Door Air inlet

Fig. 1.7 A direct - type active solar dryer (Janjai et al., 2011).

Air outlet

Fig. 1.8 A mixed - mode - type active solar dryer (Usub et al., 2010).

1.4.1.2.3 Mixed - mode - type active solar dryer (MMASD)

The MMASD generally consists of a solar air heater, a blower or fan, and a drying chamber

with transparent walls. An MMASD developed and tested by Usub et al., 2010 is shown in

11
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Fig. 1.8. The working principle of the active mixed - mode - type dryer is the same as the
passive mixed - mode - type. The solar radiation incident on the air heater surface and the
product surface in the drying chamber produce the necessary heat required for the drying
operation. However, in the active mixed - mode - type solar dryer, an external device is used

to circulate the drying air.

1.4.1.2.4 Hybrid - type active solar dryer (HASD)

The HASD is integrated with auxiliary heating systems such as electric heater, LPG or HSD
burner, and biomass backup heater with the provision of operating the dryer in single mode or
in combination. It is also provided with the thermal energy storage. The incorporation of the
auxiliary heater into the solar dryer makes the drying system more reliable. The auxiliary heater
supplies the energy required for producing the hot air during off - sunshine hours and the cloudy
weather or to maintain the drying air temperature at a fixed value. Therefore, the HASD can
be operated irrespective of the weather conditions, and the drying operation can be extended
beyond the off - sunshine hours. Sometimes the hybrid dryer is integrated with both the thermal
energy storage and the auxiliary heating unit. The high capital cost and complicated structure
are the main drawbacks of this drying system. Figure 1.9 shows the hybrid solar dryer
developed by Ryes et al., 2014. This drying system has both the thermal energy storage and

the auxiliary heating unit.
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Fig. 1.9 A hybrid-type active solar dryer developed by Reyes et al., 2014.
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1.5 Thermal Energy Storage and Auxiliary Heating System

The intermittent nature and uncertainty in the availability are the main shortcomings of solar
energy. The daily and seasonal fluctuations in the solar radiation, rainy days, and night period
affect the drying operation in the solar dryer and thus its reliability. In the solar drying process
also, sometimes products spoil due to unavailability of the solar radiation for several
consecutive days and get affected by microbial organisms during the drying process itself
(Sarsavadia, 2007). The quality of some products degrades owing to the longer drying period.
Besides, the high temperature during the peak - sunshine hours causes hardening, shrinkage,
and burning of the surface of the products in the solar dryer. The hybridization of the solar
dryer, where the conventional energy sources like electrical heater, biogas burner, LPG, etc. or
thermal energy storages are integrated into the dryer unit, eliminates these problems.

In the hybrid solar dryer, the drying operation can be extended beyond the sunshine
hours with the help of an auxiliary heat source or the energy storage, and products could be
saved from the possible damaged caused by the infestation of the microbial organisms during
the bad weather (Amer et al., 2010). The surplus solar energy of the peak hours can be stored
in a thermal energy storage and can be used during inadequate solar radiation period or off-
sunshine hours. The product can also be saved from the possible effects of overheating during
the peak sunshine hours. Constant drying rate is maintained during the low-intensity solar
radiation period by extracting the heat from the thermal energy storage and smoothing the
drying air temperature. It eliminates the need for the auxiliary heat source for a short duration
during the fluctuation in the solar radiation. However, a large size heat storage and a solar
collector panel are needed for meeting the energy requirement for several consecutive cloudy
days which adds large capital cost to the dryer. The hybrid solar dryers have recently received
much attention because of their operational flexibility in all weather conditions. Numerous
experimental and simulated models of the hybrid solar dryer were developed for drying

different agricultural products.

1.5.1 Sensible heat storage (SHS) and latent heat storage (LHS)

Thermal energy storages may be latent heat storage (LHS) or sensible heat storage (SHS) or
chemical energy storage (Singh et al., 2010). These are temporary storages of high or low-
temperature energy. The commonly used thermal energy storages in the solar dryer are the SHS
and the LHS. In the SHS, the temperature of the solid or liquid materials such as gravel,

pebbles, brick, sand, water, and oil is raised to store the thermal energy. The heat storage
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capacity of the SHS depends on the heat capacity and the change in the temperature of the
storage material. The amount of the sensible heat stored in a mass of material can be expressed

by the following equation.

Qs = msmCsm (Tf _T|) (11)

where mg,, is the mass of the storage material, Cj,, is the specific heat of solid material, T; is
the initial temperature, and T is the final temperature.

The solar dryer with integrated SHS is relatively less expensive and suitable for the rural areas
as the storage materials are easily available. It can be constructed on- site very easily as the
SHS does not require any storage vessel or heat exchanger. The main deficiency of the SHS
system is in its inability to supply the drying air at a constant temperature. It also needs a large
storage volume.

In the latent heat storage system (LHS), the thermal energy is stored due to the transition
of the phase of the materials from solid to liquid or liquid to vapour or vice versa. The phase
change from liquid to vapour and vice versa is not used because of the large volume of the
vapour phase. The amount of heat stored in a latent heat storage material while melting the
storage material completely and raising the temperature from T; to T, can be expressed as

follows.
Qs =M, [Csm (Tm _Tl) + Lsm +Csm| (Tf _Tm)] (12)

where T, denotes the melting temperature, L, is the latent heat of fusion of the storage
material, Cs,, is the specific heat of the material in the solid state, and C,s,, is the specific heat
of the material in the liquid state.

Many organic and inorganic phase change materials (PCM) are used as the LHS
materials. The LHS has many advantages over the SHS. The main advantage is the high energy
storage capacity per unit mass compared with the sensible heat storage materials. It can supply

hot air at nearly constant temperature (Dincer and Rosen, 2011).

1.6 Solar Air Heater (SAH) or Collector

The solar air heater is one kind of heat exchanger that generates hot air by trapping solar
radiation. It is one of the major components of the solar dryer. A conventional solar air heater

generally consists of a transparent cover, an absorber plate, a base plate, and a collector box

14
TH-1610_ 13613022



Chapter - | Introduction

with insulation. The schematic diagram of a conventional solar heater is shown in Fig.1.10.
The cover plate of the SAH is made of the material which is transparent to the incoming solar
radiation and opaque to the long wave radiation. Window glass or plastics sheet of thickness 4
to 5 mm is suitable for the cover plate. The absorber plate is a thin metal sheet, 1 mm in
thickness, painted black and is placed in a certain space beneath the cover plate. A metal sheet
is provided as the base plate beneath the absorber plate and above the insulation. The bottom

and sides of the box are insulated to reduce the heat losses.

Glass cover

Absorber Base plate
plate

Air in Insulation

Fig. 1.10 Schematic diagram of a conventional flat plate solar air heater.

The working principle of the solar air heater is simple. The solar radiation transmitting
through the transparent cover falls on the surface of the absorber plate and gets absorbed
because of which the temperature of the plate rises. Some part of the converted heat of the
absorber plate is transferred to the air flowing over it, and the remaining part is lost to the
surrounding from the top surface by the convection and the re - radiation and by conduction
through the back and edges. The air is circulated in the air heater due to buoyancy effect or fan
or blower. The performance of the solar air heater depends on the rate of heat transfer from the
absorber plate to the air. To improve the heat transfer rate as well as the thermal performance
of the solar air heaters, different types of solar air heaters have been developed. They are
classified based on the heater cover plate, absorber surface, and air flow path as follows (Garg
and Prakash, 2006; Oztop et al., 2013; Saxena et al., 2015).

e Bare plate, single cover, and double cover solar air heaters: The bare plate solar air
heater does not have the cover plate. The absorber plate is directly exposed to the solar
radiation. In the double cover solar air heaters, two cover plates are used mainly to

reduce - radiation losses.
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e Single - pass and double - pass: In the single - pass system, the air flows in the duct
either formed by the absorber and base plates or by the absorber and cover plates. In
the two - pass or double - pass air heater, the air is first passed between the two cover
plates and then passed under the absorber plate.

e Finned - plate solar air heater: It is the modified version of the simple flat plate solar
air heater where fins are added to the absorber plate to increase the heat transfer rate.

e Corrugated - plate solar air heater: The corrugated absorber plate either in the rounded
or V - shaped is used to increase the heat transfer area.

e Matrix - type solar air heater: In this type of solar air heater, matrix materials like
loosely packed material is placed in the air path to increase the heat transfer rate by
increasing the surface area and the turbulence.

e Overlapped - type solar heater: In this type of the solar air heater, transparent glass
plates are arranged in series. The glass plate consists of two part; a clear part and a black
part. The clear part of one plate overlaps the black part of the other plate.

e Transpiration solar air heater: This type of solar air heater does not contain the

absorber plate. Closely packed matrix material functions as the absorber plate.

1.7 Background and Primary Objective of This Study

North - Eastern region (NER) of India, which comprises of seven sisters states (Assam,
Arunachal Pradesh, Meghalaya, Mizoram, Manipur, Nagaland, Tripura) plus the Himalayan
state Sikkim has a mainly subtropical climate of hot, humid summers, severe monsoons, and
mild winters and has low annual average global solar radiation (4.5 t0 5.6 kW h/m?-day).
The climatic conditions and the soil of the NER are suitable for the cultivation of
varieties of agricultural products such as tea, rubber, ginger, turmeric, chilli, cardamom,
cashew nut, and black pepper. It accounts for 72% of the ginger, 85% of the large cardamom,
and 51% of the tea productions of India (Rhaman et al., 2009; Mande et al., 1999; Baruah,
2006). These agricultural products have high demand in the global market. All these
agricultural products contribute immensely to the economy of the NER of India. Generally,
most of these products are dried in the open sun or exposing them to smoke produced by
burning of wood logs in the open fire furnace. Because of the uncontrolled heating and the
direct exposure to the smoke and the sun, the quality of the dried products degrades. The
climatic condition of the NER is characterized by the frequent rain fall, high humidity, low

annual average solar radiation, and long rainy days. The solar radiation fluctuates during the
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daytime due to the appearance of clouds in the sky, especially during summer. However, the
daily average solar radiation in a good sunshine day is very high. Therefore, the drying of the
products has to be completed within the period of the availability of the solar radiation which
is possible only by drying the products in the solar dryer instead of drying in the direct sun.
Since solar radiation fluctuates frequently due to cloud cover, a solar dryer integrated with
either a thermal energy storage unit or an auxiliary heat source may be the most suitable solar
dryer for the NER region. Therefore, the primary objective of this study is to develop a solar
dryer integrated with a latent heat storage module and to test the dryer in the sub - tropical
climate of the NER region by drying some of the important agricultural product grown in this

region.

1.8 Structure of the Thesis

The thesis has been organised in eight chapters. The present chapter covers the introduction
and the background and primary objective of this study. The remaining chapters are arranged
as follows.

Chapter - 2: A brief review of the literature related to the hybrid solar dryers, a study of thin
layer kinetics of the solar and open sun drying of food and agricultural products, and energy
and exergy analyses of the solar drying process, and the objectives of this study are elaborated
in this chapter.

Chapter - 3: This chapter presents the basic design calculations for estimating the air flow and
energy requirements for the drying system. Thermal modelling of a double - pass solar air
heater and the effects of different parameters on its efficiency are also presented in this chapter.
This chapter also describes the sizing of the air heater panel and the drying chamber for the
developed dryer.

Chapter - 4: The details of the developed dryer and the fabrication of the different components
of the dryer are discussed in this chapter. The instrumentation for conducting the performance
test of the drying system is also explained in this chapter.

Chapter - 5: This chapter deals with the experimental investigation of the thin layer drying
kinetics of the Ghost chilli. Detailed discussion on the thin layer drying kinetics analysis and
the identification of the best model for describing the drying process of the Ghost chilli are
presented.

Chapter - 6: Experimental studies on the drying characteristics of Ghost chilli and sliced
ginger without heat storage material are presented in this chapter. Energy and exergy analyses

of the drying process of these products are carried out and the results are discussed.
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Chapter - 7: Experimental investigation on the solar dryer with the thermal energy storage
for drying a local variety of red chilli and the energy and exergy analyses of all the components
of the drying system are presented in this chapter. The economic analysis is also presented in
this chapter.

Chapter - 8: Conclusions, the scope for improvement of the developed solar dryer, and future

works are presented in this chapter followed by reference and appendices.
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Chapter - 2

Literature Review

2.1 Review on Hybrid - Type Solar Dryers (HSD)

Numerous experimental studies and numerical simulations on the hybrid solar dryers were
reported in the literature. In this part of this chapter, the previously published works on the
hybrid solar dryers are reviewed focusing on the types of the energy storage material and the

auxiliary heating system employed in the solar dryers.

2.1.1 HSD with thermal energy storage (TES)

A large number of solar dryers integrated with the thermal energy storage are reported in the
literature. Mainly sensible heat storage and the latent heat storage are used in the solar dryers.
The commonly used sensible heat storage materials are stone, pebble, brick, concrete, rock,
and water. The most widely used latent heat storage material in the solar dryer is the paraffin
wax of different melting temperatures. The charging of the storage material in the solar dryer
is done either directly or indirectly. In the direct charging process, the storage material is
directly exposed to the solar radiation by employing it in the solar air heater. In this case, the
solar heater works as the thermal energy storage - cum - air heater. While in the indirect
charging process, the hot fluid (air, water, and other heat transfer fluids) produced by the solar

air heater or water heater is supplied to the energy storage.

2.1.1.1 HSD with sensible heat storage (SHS)

The solar dryer with integrated SHS is relatively less expensive and suitable for the rural areas
as the energy storage materials are easily available. It can be constructed on- site very easily
and does not require any storage medium and heat exchanger. The main shortcomings of the
SHS system are that it cannot supply the drying air at constant temperature and requires a large
storage volume. Nevertheless, many investigators developed experimental and theoretical

models of the solar dryers with the sensible heat storage system.
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Garg et al. (1985) presented an experimental study of a solar air heater connected in
series with an integrated rock (size 3 - 5 cm in diameter) storage - cum - solar air heater
developed for the drying purpose. In this system, the air supplied by a centrifugal blower was
first heated by the solar air heater. It was further heated up while passing through the solar air
heater - cum - energy storage. The performance of the system was evaluated for a single and
double glazing, rock bed of different thicknesses, and for different mass flow rates of air. They
reported that the solar air heater exit temperature was high at the low mass flow rate of air and
the solar radiation intensity affected the optimum thickness of the rock bed storage. The thermal
losses from the storage reduced with increase in the number of glazing.

Ayensu and Asiedu - Bondzie (1986) designed and developed a natural convection solar
dryer integrated with a mass of granite rocks (3 cm in diameter) as the energy storage material
to investigate the drying characteristics of cassava leaves, cassava chips, pepper, and fish. The
design parameters of the dryer were the mass flow rate of air, the height of the chimney, solar
air heater area, and thickness of the drying bed. The dryer was fabricated with the locally
available materials. It was capable of reducing the moisture content of the cassava leaves from
70% (w.b.) to 14% (w.b.) in 60 h which was only 50% of the time required for drying in the
direct sun. The efficiency of the solar air heater was 22%, and the rock bed energy storage was
able to store 75.4 MJ/m?® of thermal energy. The dryer was cheap and suitable for the rural
areas.

Tiwari et al. (1994) presented a mathematical model of an indirect - type forced
convection solar dryer coupled with a sensible heat storage and a solar air heater with a
reflector. In this dryer, the energy storage material was located at the bottom of the drying
chamber. Energy balance equations were developed for different components (solar air heater,
energy storage, drying chamber, and product) of the dryer and solved analytically to optimise
the design parameters. Analytical expressions for the solar air heater outlet temperature, the
temperature of the storage material, and the crop were derived. They reported that the
additional solar energy provided by the reflector reduced the drying time and the optimum
drying air temperature could be obtained by adjusting the storage capacity.

Chuahan et al. (1996) developed a mathematical model of a batch - type deep bed
coriander dryer integrated with a double - pass single glazing solar air heater and another
double - pass single glazing solar air heater coupled with a mass of rock bed storage (rock
diameter 4 cm) unit based on the mass and energy balance equations. The temperature of the
air, grain, and rock beds, the instantaneous moisture content of the grain, and relative humidity

of the air were estimated by solving the model in the finite difference method. The performance
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of the dryer was evaluated for two operating modes. In the mode - 1, the coriander was dried
in the daytime by the hot air produced in the air heater only without using the heat from the
storage. In the second mode, the coriander was dried both in the sunshine and off - sunshine
hours. The hot air produced by the air heater dried the product during the sunshine hours while
in the off - sunshine hours, the hot air was supplied by the thermal storage charged by a separate
air heater. They reported that the grain and air temperatures decreased with increasing depth of
the grain bed. The temperature difference between the grain and the air decreased with
advancing in drying time. The relative humidity of air increased with increase in the grain bed
depth. The moisture content of the coriander was reduced from 28% (d.b.) to 11.4% (d.b.) in
27 cumulative sunshine hours operating the dryer in the mode - 1 while, it took 31 cumulative
hours operating the dryer in the mode - 2.

El - Sebaii et al. (2002) developed and tested an indirect - type natural convection solar
dryer with a solar air heater - cum - energy storage. The energy storage material (sand) was
placed under the absorber plate of the air heater. The dryer was tested with and without the
storage material by drying fruits (seedless grapes, figs, and apples) and vegetables (peas,
tomatoes, and onion) in the temperature range of 45.5-55.5 °C. The products were dried with
and without pre - treatment. The large size products were cut into small pieces before drying.
They reported that the pre - treatment did not accelerate the drying rate of the large size
products which were cut into small pieces. However, the pre - treatment affected the drying
rate of the small size products. As it reduces the resistance of the outside membrane of the
product to the moisture transfer. The author recommended that the large size product should
be cut into small pieces and the small size products should be treated with chemicals before
drying to enhance the drying rate.

Jain and Jain (2004) developed a transient analytical model of a deep bed grain (paddy)
solar dryer to optimise the design parameters. The dryer had an inclined double cover multi -
pass solar air heater with an in-built granite - grits bed thermal energy storage unit. The energy
storage material was located under the absorber plate. The air was first passed in the space
formed by the two glass covers of the air heater and then passed over the absorber plate.
Eventually, the air left the heater flowing below the storage material. Energy balance equations
were derived for each component and air stream of the air heater. Similarly, mass and energy
balance equations were derived for the grain bed of the dryer. The model was solved for the
climatic condition of Delhi (latitude 28°35 N, longitude 77°17 E) during October. The effect
of the change in tilt angle, length and breadth of the air heater, and the mass flow rate on the

temperature of the grain bed were studied. They reported that the grain temperature increased
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with increase in the tilt angle of the solar air heater up to 30° which was the latitude angle of
the place. The grain bed temperature increased with increase in the length of the heater from 2
m to 4 m. There was no change in the temperature beyond the length of 6 m. The grain bed
temperature decreased with increase in the mass flow rate of air from 0.014 kg/s to 0.042 kg/s.
Afterwards, there was a small change in the grain temperature. The drying rate and the
efficiency increased with increase in the mass of the grain.

Jain (2005a) presented a mathematical model of a multi - tray mixed - mode - type solar
dryer coupled with a multi - pass solar air heater with in-built granite grits sensible heat storage
unit. The structure of the air heater of this dryer was the same as the air heater of the study of
Jain and Jain, 2004. The model was also solved for the same climatic conditions. The
performance of the dryer was evaluated assuming paddy as the model product. The effect of
the tilt angle, length and breadth of the solar air heater, and the mass flow rate of air on the
temperature of the crop were studied. The thin layer drying equation was used to determine the
drying rate and the hourly reduction in the moisture content in different trays. The drying rate
of the product at different trays was different, and the efficiency of the dryer increased with
increase in the mass of the crop. The author reported that the optimum tilt angle, the length of
the heater, and the mass flow rate were 30°, 4 m, and 0.028 kg/s, respectively.

Jain (2005b) developed a thermal model of a greenhouse - type solar dryer consisting
of a roof - type greenhouse and a drying chamber integrated with a pebbles packed - bed
sensible heat storage unit. In this dryer, the greenhouse worked as the solar air heater. The
floor of the green house and a wall located between the green house and the drying chamber
absorbed the solar radiation and the air inside the green house was heated up. The hot air was
drawn from the green house by the blowers located on the wall and was supplied through the
storage materials located just below the drying trays. The model was solved for the climatic
conditions of Delhi during the month of May, and onion as model the drying product. The
investigator studied the effect on the drying air temperature of the change in the length and
breadth of the greenhouse and the mass flow rate. The investigator reported that a greenhouse
of the size of 6 m x 4 m, a mass flow rate of 0.278 kg/s, and 0.25 m packed bed thickness were
the optimum parameters for drying 2280 kg of onion in 24 h.

Aguilar - Castro et al. (2012) developed a mixed - mode type solar dryer with a sensible
heat storage unit for drying plaster molds. The dryer consisted of a solar water heater, a water
storage tank, a heat exchanger, and transparent walls drying chamber. In this system, the hot
water produced by the heater was circulated through a heat exchanger and stored in the storage

tank. The hot air required for the drying application was produced by supplying the air around
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the heat exchanger tubes. Usually, the product was dried by the solar radiation transmitting
through the walls of the drying chamber but in the case of inadequate solar radiation, the storage
supplied the supplementary energy requirement. The drying time of the molds was reduced
drastically while they were dried in the dryer. It took only 4 days in the dryer while in the direct
sun drying, it took 2 - 3 weeks. The energy consumption was also lower than in the
conventional dryer. They reported that solar energy was not utilised properly in the dryer
leading to rise in the inner temperature of the drying chamber and plaster calcination. To avoid
this, a cooling system was used resulting in additional energy consumption in the dryer.

Nabnean et al. (2016) designed a solar dryer integrated with a sensible heat storage unit
for drying osmotically dehydrated cherry tomatoes. The dryer consisted of a solar water heater
panel, a water - cum - thermal energy storage tank, a heat exchanger, two pumps, a blower, and
a drying cabinet. In this drying system, the solar water heater produced hot water which was
stored temporarily in the storage tank and then hot water from the storage was circulated by a
pump through a heat exchanger coil located inside the drying cabinet. The blower supplied
ambient air across the heat exchanger tubes to raise its temperature. It was eventually supplied
to the drying chamber. Some percentage of the exhaust air of the drying chamber was
recirculated. One hundred kg of cherry tomatoes was dried the dryer in the temperature varying
between 30 °C and 65 °C. The moisture content of the product was reduced from 59-62%
(w.b.) to the desired moisture content of 15% (w.b.) in 4 days. The authors evaluated the
performance of the solar water heater and quality of the dried product and also carried out
economic analysis. They reported that the colour of the product dried in the dryer was bright
reddish brown while the natural sun dried product colour was light yellow brown. The thermal
efficiency of the heater was in the range of 21-69% and the payback of the dryer was 1.37
years. The solar dried product dried faster than that of the natural sun dried product.

2.1.1.2 HSD with sensible heat storage and auxiliary heater

The sensible heat storages used in the solar dryers are the diurnal type and cannot supply energy
requirement during inadequate sunshine for a longer period and a long bad weather. Therefore,
a backup energy source is required in conjunction with solar energy to continue the drying
operation during adverse weather and to maintain the desired temperature of the drying air.
Amer et al. (2010) developed a solar dryer consisting of a solar air heater, a heat exchanger -
cum - energy storage, an auxiliary heater, a fan, a water pump, and a drying chamber. The solar
air heater, the heat exchanger, and the drying chamber were fabricated as a single unit. The

heat exchanger was placed between the glaze and the absorber of the air heater, and the drying
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chamber was located below the absorber plate. During the daytime, both the hot air and water
were produced in the solar heater. The hot water was stored in the storage tank and was utilized
in the night - time for producing the hot air required for the drying operation. The drying system
had the provision of the recirculation of the exhaust air of the drying chamber and was tested
by drying ripe banana. The average temperature of the air at the solar heater outlet was 54.3
°C, and the average hot water temperature at the end of the day in the storage was 40 °C. At
the night - time, the water temperature was raised from 40 °C to 70 °C by an electric heater
located inside the storage, and then it was circulated through the heat exchanger by the pump.
The hot water produced drying air at a temperature of 50 °C during the night - time. The
efficiencies of the drying system were 37.4% and 31.7% in the solar and hybrid modes,
respectively.

Madhlopa and Ngwalo (2007) designed and constructed a passive solar dryer with a
biomass backup heater. The biomass backup heater, an SHS, and a solar air heater were
constructed as an integrated system. The solar air heater was placed at the top of the integrated
system. The absorber plate of the heater was a thin concrete layer, below which a layer of the
granite rocks of diameter 0.025 m was placed as the energy storage medium. The biomass
backup heater was located below the layer of the storage material. The dryer was tested in three
modes; solar, biomass, and solar - biomass modes by drying pineapples. They reported that the
drying rate in the solar mode was slower than the other modes. But the pickup efficiency was
high in this mode. The pickup efficiencies of the dryer were 20%, 15%, and 17% in the solar,
biomass, and solar - biomass modes, respectively. The dryer could be operated satisfactorily
irrespective of the weather condition although it had some problems like uneven drying and
reverse thermo - syphoning through the chimney of the dryer during the night period.
Therefore, the authors suggested that the hot flue gas of the biomass backup heater should be
circulated around the solar chimney.

Leon and Kumar (2008) developed a hybrid solar - biomass dryer and tested it drying
red chilli. The dryer consisted of an unglazed transpired solar air heater, a biomass gasifier
stove, a heat exchanger, an energy storage unit of pebble bed, a mixing chamber, and two
blowers. In the daytime, the ambient air was heated to 103.3 °C by the flue gas of the biomass
gasifier stove and then passed through the pebble bed to store the thermal energy at an average
temperature of 87 °C. The biomass stove was stopped when the energy storage was fully
charged. The heat retained in the storage was retrieved during the night - time or inadequate
solar radiation period for producing the drying air or to maintain the drying air temperature to
the desired level during the shortfall in the daytime. The energy storage could supply the hot
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air at the temperature of 60 £+ 3 °C for about 18 h. During the daytime, the unglazed transpired
solar air heater supplied the necessary hot air required for the drying operation. About 65% of
the sun drying time was saved by drying the chilli in this dryer. The overall thermal efficiency
of the drying system was 11.06%. The authors also evaluated the sensory quality (colour,
texture, and aroma) of the dried product and found that the overall quality of the chilli dried in
the solar - biomass dryer was better than that of the cabinet dryer and the open sun dried
products. The dryer could be used for drying chilli in all weather conditions.

Hossain et al. (2008) tested a hybrid solar dryer composed of a solar air - cum - water
heater with a reflector, a water storage tank with an electrical heater, and a drying chamber. A
heat exchanger was placed between the absorber and the glaze of the solar heater. A pump
circulated water from the water storage tank through the heat exchanger. During the daytime,
both the hot air and water were produced in the solar heater. The energy stored in the hot water
of the storage tank was used for producing the hot air required for continuing the drying
operation during the night - time, and the deficit energy was supplied by the supplementary
electric heater located in the storage. The dryer was operated in different modes by drying
halves of tomatoes. The quality of the dried tomato was evaluated based on the colour and the
content of Ascorbic acid, Lycopene, and total Flavonoids. They reported that the colour of the
pre - treated tomato sample was better than that of the non - treated one. The pre - treatment
also controlled the microbial growth partially. When the tomato was dried below 45 °C, the
microbial infestation was observed. Therefore, they recommended drying tomatoes at or above
45 °C without pre - treatment. The pre - treatment of the tomato with 8 g/L of Sodium Meta -
Bisulphite prevented the microbial growth completely at the low-temperature drying. The
average efficiency of the drying system varied between 17% and 29%.

Fargali et al. (2008) developed a mathematical model of a hybrid solar drying system
based on the energy balance principle. The drying system consisted of a flat plate solar water
heater, a storage tank, a biogas fuel burner, and a PV system with battery, a heat exchanger, a
control system, and a drying chamber. In this system, the hot water produced by the solar water
heater was stored in the storage tank and the biogas burner maintained the water temperature
to the desired value. The ambient air supplied by a fan was heated by the heat exchanger
located at the entrance of the drying chamber through which the hot water was circulated. The
electrical energy requirements for all the equipment was supplied by the PV module. However,
the authors did not consider the PV array and the battery systems in the modelling.

Mohajer et al. (2013) tested a dual purpose drying and water heating system. The
system consisted of a dual purpose solar heater, a drying chamber, an electrical heater attached
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to the drying chamber, and a water storage tank. The system could produce hot air and water
simultaneously and therefore, could be used for drying as well as for producing hot water. The
electric heater located in the drying chamber enabled the dryer to operate in all weathers. They
tested the dryer with and without operating the electric heater by drying parsley, dill, and
coriander. When the dryer was tested without activating the electric heater, it produced the hot
air and water at the maximum temperature of 44.3 °C at a flow rate of 0.021 kg/s and 60.3 °C
at a flow rate of 0.001 kg/s, respectively. This system has the scope of domestic applications
for drying and producing hot water.

Cipliene et al. (2015) developed a hybrid solar dryer for drying motherwort (Leonurus
cardiaca L.). The drying system consisted of a solar air heater array of area 12 m?, a solar flat
plate water heater array of area 8 m?, two drying chambers, a storage tank, a pump, a fan, a
heat exchanger, and a mixing chamber. The motherwort was dried in the temperature varying
between 30 °C and 45 °C. In this drying system, the solar air heater produced the hot air
necessary for the drying operation during the daytime which was mixed with the ambient air
in the mixing chamber to maintain the drying air temperature in the above temperature range.
The energy required during the low solar radiation or off - sunshine hours was supplied by the
hot water stored in the storage tank. The working fluid of the solar heater was glycol. The water
in the storage tank was heated by the hot glycol of the heater. The product was dried in three
stages. In the first stage, the raw product was dried with the ambient air in one of the drying
chambers for 24 h. Then it was shifted to the other drying chamber where it was dried with the
preheated air at an average temperature of 34.5+6.1 °C. Around 99.93 MJ of energy
accumulated in the heat storage during the daytime which was sufficient to produce the drying
air at a temperature of 30 °C for 11 h.

Ayyappan et al. (2016) developed a greenhouse dryer and tested the dryer with
different sensible heat storage materials (rock, sand, and concrete) by drying copra. The heat
storage materials maintained a high temperature inside the dryer above the ambient during the
night - time. The difference between the ambient and dryer inside temperatures during the night
- time was in the range of 2-2.5 °C, 34 °C and 5-6 °C with concrete, sand, and rock,
respectively as the storage material. The drying time required to reduce the moisture content
of the copra from 52% (w.b.) to 7% (w.b.) were 78 h, 66 h, and 53 h when the dryer was
operated with the concrete, sand, and rock as the thermal energy storage material, respectively.
It took 152 h in the direct sun. The overall thermal efficiencies of the dryer with the concrete,
sand, and rock as the thermal energy storage materials were 9.5%, 11%, and 11.7%,
respectively.
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2.1.1.3 HSD with latent heat storage (LHS)

Recently, the solar dryers integrated with the LHS have received attention due to many
advantages associated with it such as high energy storage capacity, dissipation of energy at
nearly constant temperature, and low volume and mass. Devahastin and Pitaksuriyarat (2005)
studied experimentally the viability of using a latent heat storage unit in the solar dryer. The
experimental setup consisted of a compressor to supply air, an electric heater to produce hot
air, and a latent heat storage unit. The latent heat storage unit was a vertical cylindrical vessel
of acrylic. A U - shape copper tube attached with disc type fins was placed inside the vessel.
The space between the tube and the vessel was filled with the paraffin wax of the melting
temperature in the range of 35-54 °C. Air at a temperature of 70-90 °C was circulated through
the tube during the charging process. The effect of the air velocity (1 m/s and 2 m/s) and the
temperature on the charging and discharging characteristics of the LHS was studied. They
reported that the charging time of the storage decreased with increase in the air temperature
and the velocity. The air velocity did not affect the discharge time. The incorporation of the
LHS saved 40% and 34% energy at the air velocity of 1 m/s and 2 m/s, respectively.

Shalaby and Bek (2014) designed and tested an indirect - type forced convection solar
dryer composed of two solar air heaters, a drying chamber integrated with an LHS unit, and a
blower. Two vertical cylindrical containers filled with paraffin wax of the melting temperature
of 49 °C and thirty - two copper tubes embedded uniformly in the wax were used as the energy
storage. The storage was placed at the bottom of the drying compartment. They tested the dryer
with and without the storage by drying two medicinal plants; O. Basilicum and T. Neriifolia.
The average temperature of the air at the inlet of the drying chamber with and without the PCM
in the energy storage was 45 °C and 51 °C, respectively at the constant air flow rate of 0.089
kg/s. The accumulated heat released from the storage maintained the drying air temperature
higher than the ambient temperature by 2.5-7.5 °C for 5 h after the sunset. In the initial first 4
h of operation of the dryer, the temperature of the air at the inlet of the drying chamber with
the storage was less than without the storage. Afterwards, the drying air temperature was higher
than without the PCM in the storage.

Shringi et al. (2014) developed a hybrid solar dryer consisting of a simultaneous
charging and discharging PCM - based energy storage unit, an evacuated tube heat - pipe solar
heater, and a drying chamber. The heat storage was charged by supplying a working fluid of
the mixture of 60% of propylene glycol and 40% water heated in the heater of the temperature

varying between 54 °C and 118 °C. The heat retained in the storage was recovered from the
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storage by circulating air through a heat exchanger coil embedded in the PCM and the air
temperature was raised to the values between 39 °C and 69 °C. Garlic cloves were dried in the
dryer to study its drying kinetics and to evaluate the performance of the dryer in terms of the
energy utilisation ratio and the exergy efficiency. They observed that the Midilli model was
the most suitable model to describe the drying process of the garlic clove, and only falling rate
drying period was visible in the drying process. The exergy efficiency was in the range of 5—
55% in the first 3 h of the drying period without recirculation of the exhaust air. Thereafter, the
exhaust air was recirculated in the dryer, and the exergy efficiency increased to between 67%
and 88%.

Jain and Tewari (2015) developed a passive solar dryer integrated with a PCM based
energy storage unit and tested the dryer by drying mint. The dryer consisted of a solar air heater,
an energy storage system, a reflector, an in-built natural draft system, and a drying chamber.
Forty - eight cylindrical tubes of length 0.75 m and 0.05 m in diameter filled with 48 kg of
paraffin wax were positioned below the drying trays in the zigzag arrangement as the energy
storage unit. For the natural draft system, the top of the drying chamber was fitted with a black
absorber plate, and a toughened glass was placed above the absorber plate. A packed bed of
PCM was placed below the absorber plate. In this drying system, the energy storage maintained
the drying air temperature around 6 °C higher than the ambient temperature for 5-6 h after the
sunset. The dryer was tested by drying pre - treated mint leaves, and it took 24 h to reduce the
moisture content of 12 kg of mint leaves from 4.8 kg of water/kg of dry matter to 0.11 kg of
water/kg of dry matter. They also carried out economic analysis and reported that the payback
period of the dryer was 1.5 years.

Agrawal and Sarviya (2016) studied the heat transfer characteristics of the charging and
discharging processes of a shell and tube latent heat storage unit designed for the purpose of
applying in the solar dryer. They also investigated the effectiveness of the application of the
heat storage unit in the drying process of sliced potato. The LHS unit was basically a shell and
tube heat exchanger consisting of two concentric cylinders of the diameter of 0.127 m (shell
diameter) and 0.025 m (tube diameter). The space between the shell and tube was filled with
the paraffin wax of the melting temperature ranging from 41 °C to 55 °C. The hot air produced
by an electric heater was supplied through the tube during the charging period, and the air at a
temperature of 30 °C was supplied during the discharging period. The charging process was
studied at different air temperatures (80, 85 and 90 °C) and at a fixed air flow rate. The
discharging process was studied at different mass flow rates of air (0.0015, 0.0022 and 0.003
kg/s). They reported that the melting time of the wax decreased with increase in the heat
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transfer fluid temperature. The charging time decreased by 9% and 16% with increase in the
air temperature from 80 °C to 85 °C and from 85 °C to 90 °C, respectively. The discharging
time decreased with increase in the mas flow rate of air. Higher discharge temperature was
observed for the low mass flow rates of air. The air temperature was raised to between 35 °C
and 47 °C for about 10 h at the mass flow rate of 0.003 kg/s during the discharging period.
Sliced potato was dried in the dryer at different air flow rates. They reported that the drying
rate of the potato was high at the low air velocity due to more energy recovery from the storage.

2.1.1.4 HSD with auxiliary energy source and LHS

Many researchers have developed solar dryers with both backup auxiliary heating unit and
latent heat storage unit to provide flexibility in the operation of the dryers irrespective of the
weather conditions. One advantage of having both the storage and the auxiliary heat source in
a solar dryer is that during a short cloudy period, the energy requirement for the drying
operation can be used from the storage without activating the auxiliary heat source. Cakmak
and Yildiz (2011) developed a solar dryer attached to two different types of the solar air heater
and dried seeded grape to study its kinetics of drying. One of the solar air heaters was integrated
with a Calcium Chloride Hexahydrate - based latent heat storage unit which stored heat during
the daytime, and the same was utilised to produce the hot air for drying after the sunset. The
other solar air heater without the energy storage supplied the hot air to the drying chamber
during the daytime. The accumulated heat of the storage helped in continuing the drying
operation till 22:00 h. The seeded grape was treated with a potassium solution and dried in the
dryer at different air velocities (0.5-1.5 m/s) and under the open sun. The moisture content of
the grapes was reduced to 9% (d.b.) from the initial moisture content of 300% (d.b.) in 56 h
and 200 h in the solar dryer and the open sun drying, respectively. The authors reported that
the grape dried in a short period at the high velocity, and the drying rate was fast when the
dryer was operated with the heater - cum - energy storage. The Midilli model suitably
represented the kinetics of the drying process of the seeded grapes. They also determined the
effective diffusivity which was in the range of 5.4 x 1071% — 1.35 x 10™° m?fs.
Esakkimuthu et al. (2013) studied the feasibility of using an HS - 58 paraffin wax -
based LHS unit in a solar dryer for storing surplus energy during the peak hours of sunshine.
The energy storage was essentially a cylindrical shell. Large numbers of spherical balls filled
with the wax were kept inside the shell, and the air was supplied through the shell. The charging
and discharging characteristics of the storage unit were studied at different mass flow rates

(0.05, 0.083, and 0.111 kg/s). During the charging period, the temperature of the air coming
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out of a solar air heater was raised to 70 °C by an electric heater before supplying to the heat
storage. The electric heater contributed 40% of the total energy. They reported that the ambient
air at the mass flow rate of 0.055 kg/s was able to recover the maximum amount of heat from
the storage, and the heat transfer was uniform at this flow rate during the charging and
discharging processes.

Reyes et al. (2014) dried mushroom in a hybrid solar dryer consisting of a solar air
heater, a PCM - based energy accumulator, an electric heater, and a blower. During the daytime,
the ambient air was first heated in the solar air heater, and then the temperature was raised to
60 °C by the electric heater. The solar energy accumulator was basically a solar air heater. One
hundred finned attached copper tubes and filled with 14 kg of paraffin wax of the melting
temperature in the range of 58—60 °C were positioned above the absorber plate of the heater.
The tubes were exposed to the sun rays transmitting through the cover plate of the heater. The
heat available in the accumulator was sufficient to produce hot air at the temperature of 20 °C
above the ambient for 2 h, and the necessary heat required for maintaining the air temperature
at 60 °C was supplied by the electric heater. The incorporation of the accumulator saved 40—
70% electrical energy. The dryer was tested by drying mushroom. They evaluated colour,
shrinkage, and texture of the dried product and the performance of the drying system. The
thermal efficiency of the solar air heater and the accumulator were in the range of 22-67% and

10-21%, respectively.

2.1.2 Solar dryer with auxiliary heat source

A large number of solar dryers with backup heating systems were developed to avoid
discontinuation of the drying operation during the adverse weather and the night - time or to
maintain drying air temperature at the desired value during insufficient solar radiation period.
Sarsavadia (2007) developed an indirect - type forced convection solar dryer integrated with
an electric backup heater for drying onion in the temperature range of 55-75 °C. The dryer had
the provision of recirculating some percentage of the exhaust air. The recirculation of 90% of
the exhaust air saved up to 70.7% of the total energy consumption for drying onion. The
investigator observed that the percentage of the energy contributed by the solar air heater and
the electric heater increased with increase in the mass flow rate, and decreased with increase
in the drying air temperature. The author suggested that a dryer having an exhaust air
recirculation provision should be operated with the maximum permissible temperature and the
low air flow rate. The specific energy consumption for drying onion was in the range of 12.04—

38.77 MJ/kg.
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Bena and Fuller (2002) developed a direct - type natural convection solar dryer
integrated with a biomass burner. The drying cabinet and the biomass - burner were developed
as a single unit. It was mainly a brick chamber. The drying cabinet of the dryer covered with a
transparent plastic sheet was placed on the top of the brick chamber that housed the biomass
burner. The performance of the dryer was investigated by drying sliced pineapple. In the
daytime, the pineapple was dried directly by the solar radiation, and during the night - time or
inadequate solar radiation, the drying operation was continued by operating the biomass burner.
They reported that the drying rate was not uniform in the dryer. In the daytime, the product of
the top tray dried faster than the product of the bottom trays, and it was opposite at the night -
time. The overall thermal efficiency of the dryer in the solar - biomass mode was 8.6%. In the
solar mode, the thermal efficiency of the dryer was 22% while it was 6% in the biomass mode.
The energy consumption in the biomass mode was four times higher than in the solar mode.
The authors recommended increasing the number of the cover plates of the drying chamber,
enlarging the flue gas diameter pipe of the biomass burner, and increasing the flue gas path
inside the dryer to improve the overall performance of the dryer.

Prasad et al. (2006) developed and investigated the performance of a direct - type
natural convection solar dryer integrated with a biomass backup heater by drying turmeric. The
constructional feature of this dryer was almost the same as the dryer developed by Bena and
Fuller (2002). The turmeric was dried in the dryer during the daytime by the solar radiation.
The drying operation was continued during the night - time using the biomass backup heater.
The turmeric treated in the boiling water dried faster than the untreated and the open sun dried
products. The drying time of the turmeric varied between 36 h and 42 h in the solar dryer while
in the natural sun drying, the product was dried in 266 h. The untreated turmeric contained
more volatile oil than the treated and the sun dried products. The overall efficiency of the dryer
was 28.6%. The authors concluded that turmeric should be dried without pre - treatment for
better quality product. One disadvantage of this dryer was the low velocity of the drying air
during the daytime which was in the range of 0.2-0.25 m/s.

Boughali et al. (2009) developed and tested an indirect - type natural convection solar
dryer consisting of a single - pass solar air heater, an electric resistance heater with a
temperature controller, and a drying chamber by drying sliced tomato. The drying system had
a vertical cross flow drying chamber. The outlet of the air heater was connected to the top of
the drying chamber having an electric heater. A fan located at the bottom of the drying chamber
drew air through the air heater and across the electric heater coil in the downwards direction.

The auxiliary heater was set to activate when the air heater outlet temperature became lower
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than 50 °C. The experiment was carried out at different mass fluxes (0.04-0.08 kg/m?-s). They
reported that the air heater efficiency increased with increase in the mass flux of air until it
reached the value of 0.056 kg/m?-s. The energy consumption in the auxiliary heater increased
with increase in the mass flow rate of air and decreasing solar heater outlet temperature. The
drying time of the tomato decreased with increasing drying air temperature and velocity from
50 °C to 75 °C and from 1 m/s to 2 m/s, respectively. They observed that the tomato dried at
the air temperature of 65 °C and the air velocity of 1.5 m/s had better colour and shape. The
payback period of the dryer was 1.27 years. They conclude that when an auxiliary heater is
used in combination with the solar air heater, the dryer should be operated at the minimum
mass flow rate to reduce the auxiliary heater energy consumption.

Smitabhindu et al. (2008) developed a mathematical model of a solar dryer used for
drying banana for optimising the size and the operating parameters of the dryer. It consisted of
a solar air heater array, an LPG burner, a drying chamber, and a blower. In this drying system,
the solar air heater produced the hot air necessary for the drying operation. In the case of the
inadequate temperature of the drying air, the LPG burner supplied the supplementary heat and
raised the temperature. Some portion of the exhaust air of the dryer could be recycled. The
mathematical model was validated with the experimental results. They also developed an
economic model to evaluate the annual drying cost. The objective of the optimisation was to
reduce the drying cost per unit dried product. They reported that the optimum solar air heater
area and the recycle factor for drying 250 kg of banana in the dryer were 26 m? and 90%,
respectively.

Lokeswaran and Eswaramoorthy (2013) tested a natural convection semi - cylindrical
shape solar greenhouse dryer having an area of 40 m? by drying coconut. It was integrated with
a biomass backup heater. In this dryer, solar energy was the main source of energy, and the
biomass burner was used during unavailability of solar energy. The performance of the dryer
was investigated in the solar - biomass, greenhouse, and the biomass heater modes. They
reported that the performance of the dryer in the solar - biomass mode was better than in the
other modes. The coconut dried from the moisture content of 53.4% (w.b.) to 9.2% (w.b.) in
26 h, 30 h, 44 h, and 88 h in the biomass mode, solar - biomass mode, green house mode, and
the direct sun, respectively. The biomass required in the solar - biomass mode was 50% less
than in the biomass mode. The fluctuation in the temperature was the main shortcoming of this
drying system because of the biomass heater. Therefore, the incorporation of a temperature

control system could eliminate this problem.
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Reyes et al. (2013) dried mushroom in a solar dryer consisting of a solar heater, an
electric heater, and a centrifugal fan with the objective to quantify the quality parameters of the
mushroom. The electric heater was used to raise the temperature of the air coming out of the
air heater to a predetermined value of 50 °C or 60 °C. The operation of the dryer in the hybrid
mode saved around 3.5-12.5% energy. They observed that the drying rate was not affected by
the slice thickness during the first 90 min of the drying period. The drying rate increased with
increase in the drying air temperature. The recirculation of the exhaust air reduced the drying
time which was unexpected as the high humidity in the drying air reduces the moisture holding
capacity. The authors reasoned that the high humidity reduced the collapse of the superficial
cellular structures of the mushroom resulting in the removal of more moisture. They also
carried out colour quality analysis and observed that the mushroom turned dark during drying.
The overall thermal efficiency of the drying system was in the range of 3.5-11.5%.

Lopez - Vidana et al. (2013) tested a hybrid solar dryer consisting of a V - corrugated
absorber plate solar air heater, an LPG burner, a drying chamber, and radial fans by drying
tomato. The performance of the dryer was evaluated operating the dryers in three different
modes; LPG heating mode (LPGH), LPG - solar heating mode (LPGSH), and solar heating
mode (SH). In the LPGH mode, the energy requirement for producing the drying air in the
temperature range between 55 °C and 60 °C was supplied by the LPG burner. In the hybrid
mode, the air was first heated by the air heater, and the supplementary energy requirement for
raising the drying air temperature to between 55 °C and 65 °C was provided by activating the
LPG burner. The dryer was tested by drying blanched tomatoes. The investigators evaluated
the performance of the air heater and found that the efficiency of the solar air heater increased
with increase in the mass flow rate of air. The thermal efficiency of the heater varied from
11.4% to 38.2% with the change of mass flow rate from 0.038 kg/s to 0.434 kg/s. The
efficiency of the dryer changed with progressing of the drying time. When the dryer was
operated in the LPGH mode, the efficiency was high during the initial period (86%), and it
reduced to 7% at the end of the drying period. The efficiency of the dryer in the solar and hybrid
modes varied between 4% and 24% and between 8% and 71%, respectively. It was reported
that around 20% fuel was saved by operating the dryer in the hybrid mode.

Sekyere et al. (2016) designed and developed a laboratory scale natural convection
mixed - mode - type solar dryer. The dryer consisted of a solar simulator, an air heater with a
black painted concrete absorber plate, a thin layer of pebbles, an electric resistance heater, and
a transparent drying chamber. The pebble bed was placed just below the concrete layer. The

electric heater was attached to the pebbles bed. The dryer was tested by drying treated
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pineapples in four modes. In the mode - 1, solar energy was used during the daytime, and the
backup heater was used in the night - time. In the mode - 2, the dryer was operated only with
the electric resistance heater both in the daytime and the night - time. In the mode - 3, both
solar energy and the electric heater were used in the daytime and in the mode - 4, only solar
energy was used. The product dried in less time in the solar - backup heater hybrid mode. It

took longer drying time in the solar mode.

2.1.3 Solar assisted heat pump dryer

Another class of the solar dryer which has received the attention of the researchers recently is
the heat pump assisted solar dryer. Generally, a heat pump assisted solar drying system
comprises of a vapour compression cycle (compressor, condenser, expansion valve, and
evaporator or dehumidifier) unit along with the solar heater and the supplementary
components. In the heat pump assisted solar dryer, both the sensible and latent heats can be
recovered by condensing the moisture from the saturated air coming out of the drying chamber
in the dehumidifier or the evaporator and then reheating the dehumidified air in the condenser.
The heat pump assisted solar dryers are suitable for the low-temperature drying applications
(Patel and Kaur, 2012) and have many advantages like high energy efficiency, improved drying
at the low temperature due to low humidity, better quality dried product, etc. (Daghigh et al.,
2010, Fatouh et al., 2006). In the solar assisted heat pump dryer, solar energy is utilised for
either heating the dehumidified air in solar air heater or heating the working fluid of the heat
pump. In the latter case, the hot air requirement for drying is generated by circulating the air
through the condenser coil. Few solar assisted heat pump dryers were proposed with different
configurations for drying agricultural products.

Chen et al. (2005) developed and tested a closed - loop solar dryer consisting of a 75
W photovoltaic module with two (DC 12V 100A) batteries and AC/DC converter, a transparent
drying chamber, an electrical heater, a blower, and a refrigeration system. The PV module
supplied the power requirements for all the equipment. The evaporator dehumidified the moist
air coming out of the drying chamber, and the blower supplied the dehumidified air through
the electric heater to raise the temperature to a pre - set value. The product was also exposed to
the sun rays transmitted through the transparent walls of the drying chamber. The dryer was
tested by drying lemon slices gradually increasing the temperature from 36 °C to 52 °C. The
quality of the dried lemon was compared with the lemon dried in a conventional hot air dryer
at a constant temperature of 60 °C and in the outdoor sun. They reported that the sensory quality

of the lemon sliced dried in the dryer was better than the product dried in the other two modes.
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Mortezapour et al. (2012) investigated the performance of a solar dryer integrated with
a hybrid solar heater, a heat pump system, and an auxiliary heater by drying saffron. The hybrid
solar heater which produced both the thermal and electrical energies was essentially a
photovoltaic module. The hot and humid air coming out of the drying chamber was
dehumidified and cooled in the evaporator. Then the air was circulated over both the surfaces
of the PV panel and removed heat as well as cooled the surface. The hot air leaving the PV
panel was further heated while passing through the condenser, and its desired temperature was
maintained by an auxiliary heater located just before the drying chamber. The authors
investigated the performance the dryer with and without operating the heat pump unit at
different mass flow rates of air (0.008, 0.012 and 0.016 kg/s) and the drying air temperatures
(40, 50 and 60 °C). The thermal and electrical efficiencies of the hybrid solar heater increased
with increasing the mass flow rate of air. The maximum thermal and electrical efficiencies of
the panel were 10.8% and 28%, respectively. The cold air circulation over the surface of the
PV panel improved its efficiency. They reported that the drying time and the energy
consumption decreased with increase in the mass flow rate of air and the drying air temperature.
The application of the heat pump reduced energy consumption by 33%.

Sevik (2013a) designed and tested a solar dryer comprising a heat pump, a double -
pass solar air heater, a PV panel, a drying chamber, and an automatic controller by drying sliced
carrot. In this system, the ambient air supplied by a fan was heated in the solar air heater and
then it was passed through the condenser coil of the heat pump unit. The air temperature was
maintained between 49 °C and 51 °C close to the optimum drying air temperature of the carrot.
The PV module provided the electrical energy requirement for the unit. The author determined
only the thermal efficiency of the air heater which was around 71%. The overall performance
of the dryer was not evaluated.

Sevik et al. (2013b) developed a heat pump assisted solar drying system for drying
mushroom. The drying system consisted of a heat pump system, three solar air heaters
connected in series, a water storage tank, a dehumidifier, a blower and two pumps, a control
system, and a drying chamber. The evaporator of the heat pump was located in the water - cum
- heat storage tank. The system could be operated in three modes. In the mode - 1, when the
heater array produced the hot air at the required temperature for the drying operation, the heat
pump was not operated, and the surplus energy was stored in the energy storage. In the mode -
2, the dehumidifier and the heat pump units were activated when the water temperature in the
storage tank dropped below a specified value. The cold water was circulated through the
dehumidifier coil and was heated up. In the mode - 3, the heat pump was activated when the
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solar radiation was not sufficient. Mushrooms were dried in the air temperature range of 45—
55 °C in the solar mode, heat pump mode, and the hybrid mode. The investigators reported that
the drying time was different for different modes for the same drying air temperature and the
energy utilisation ratio (It is defined as the ratio of the energy utilised during a drying process
to the useful energy gained from the solar air heater.) was high at the beginning of the drying
operation. The COP of the heat pump and the energy utilisation ratio of the dryer were in the
range of 2.1-3.1, and 0.42-0.62, respectively.

Mohanraj (2014) developed a solar heat pump dryer for drying copra. It consisted of a
heat pump system and a drying chamber. The components of the heat pump systems were a
solar collector, an evaporator, condenser, liquid receiver, an evaporator with a fan and a control
valve. During the daytime, the working fluid (glycol) of the heat pump was circulated through
the collector to absorb solar energy. Then it was compressed by the compressor and passed
through the condenser coil. A blower drew ambient air across the condenser coil where the
temperature of the air was raised to 41-48 °C and then supplied to the drying chamber. During
the off - sunshine hours, the working fluid was circulated through the evaporator coil located
in the atmosphere, and the necessary heat for producing the hot drying air was taken from the
ambient. The copra was dried in 40 h from the initial moisture content of 52% (w.b.) to the
final moisture content of 9.2% (w.b.) in the above temperature range. The performance of the
system was evaluated in terms of the COP and the specific moisture extraction rate (SMER).
The COP of the hybrid system varied between 2.3 and 2.7. The maximum COP was recorded
during the peak hour due to absorption of more solar energy. The SMER was 0.79 kg/kW h.

2.1.4 Overall observations

The previous research works on the hybrid solar dryer have been reviewed. The hybrid solar
dryers are categorised according to the type of the thermal energy storage materials and the
auxiliary heating systems employed in the dryer. It is observed that the sensible heat storage
materials used in the solar dryer are rock, pebble, sand, and water. Mainly small size heat
storage materials of the size ranging from 2.5 cm to 5 cm in diameter or length were used in
the solar dyer (Table 2.1). The only fluid used as the heat storage liquid in the solar dryer was
water. The application of water as the sensible heat storage fluid in the solar dryer has received
attention recently because of its easy availability, high specific heat, and low cost. While water

is used as the heat storage fluid, the solar water collector is used instead of the solar air heater.
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Table-2.1

Different sensible and latent heat storage materials used in the solar dryers.
Materials Size (diameter) Reference

/melting temperature

Rock 3-5cm Garg et al. (1985)
Granite rock 3cm Ayensu and Asiedu - Bondzie (1986)
Rock 4cm Chauhan et al. (1996)
Clay, granite, sand - El - Sebaii et al. 2002
Granite grit - Jain and Jain (2004); Jain (2005a)
Pebbles r Jain (2005b)
Granite rock 2.5cm Madhlopa and Ngwalo (2007)
Paraffin wax 35-54 °C Devahastin and Pitaksuriyarat (2005)
Paraffin wax 49 °C Shalaby and Bek (2014)
Paraffin wax 41-55 °C Agrawal and Sarviya (2016)
Calcium chloride | - Cakmak and Yildiz (2011)
Hexahydrate
Paraffin wax 58 °C Esakkimuthu et al. (2013)
Paraffin wax 56-58 °C Reyes et al. (2014)

The commonly used latent heat storage material in the solar dryer is the paraffin wax
of different grades (having different melting temperatures). The melting temperature ranges
from 35 °C to 58 °C (Table 2.1). The PCM of the LHS is charged directly by either the solar
radiation or the hot working fluids (water, air, glycol, etc.). In the case of the direct charging,
the PCM is filled in tubes or small containers which are placed above the absorber plate of the
collector and exposed to the solar radiation. In the case of the indirect charging, the temperature
of air or the other working fluids is raised by the solar heater, and then it is circulated through
the tubes embedded in the PCM to charge it. Sometimes, the solar heater is used as a preheater.
In this case, the hot fluid temperature is maintained at the pre - set value by an auxiliary heater
before it passes through the storage during the charging period. In most solar dryers, the electric
heater was used as the auxiliary heat source because of its easy installation and control. The
application of biomass as the heat source in the solar dryer is limited. The main disadvantage
of the biomass backup heater is the uneven heating and fluctuation in the air temperature.

Most hybrid dryers are complex systems having large numbers of components. It may

involve large capital investment. However, a few economic studies were reported in the
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literature. The commonly used working fluids in the solar dryers are air and water. The hot air
produced by the air heaters or auxiliary heaters is used for removing the moisture from the
product. Water is used as either heat storage fluid or an energy carrier from the solar heater to
the storage. Few investigators used working fluid like glycol in the solar collector as an energy
carrier to the storage materials. The performance of the natural convection hybrid solar dryer
is affected by the inadequate mass flow rate of air. When the natural convection solar dryers
are integrated with the biomass back - up heaters, the reverse thermo - syphoning is a major
problem during the low-intensity solar radiation and the night - time. The heat pump assisted
solar dryer is suitable for the low temperature drying applications and drying heat sensitive
materials. Very limited studies on the heat pump assisted solar drying are reported in the

literature.

2.2 Review on Drying Kinetics Studies of the Thin Layer Solar and Open Sun Drying

Processes of Food and Agricultural Products

A large number of studies were reported on the thin layer drying kinetics analysis of food and
agricultural products dried in the solar dryer and under the direct sun. Different types of food
and agricultural products such as vegetables, spices, fruits, herbs and medicinal plants, and

fishes were dried in different types of solar dryers and under the open sun.

2.2.1 Drying of vegetables and spices

Yaldyz and Ertekyn (2001) studied drying kinetics of some vegetables namely pumpkin, green
pepper, stuffed pepper, green bean, and onion. The products were dried at different drying air
velocities (0.5 m/s, 1m/s, and 1.5 m/s) in an indirect - type solar dryer consisting of a solar air
heater with corrugated absorber plate and a drying chamber with an exhaust fan. The vegetables
dried between 30.29 h and 90.43 h in the solar dryer and between 48.59 h and 121.8 h in the
natural sun drying. All the products dried in the falling rate period. The investigators reported
that the drying rate of the pumpkin was higher at the low air velocity (0.5 m/s) at the first 15 h
of the drying period, and then it increased with increasing air velocity. The drying time of the
green pepper (35.9-40.7 h) increased with increasing drying air velocity, and it was lowest at
the air velocity of 0.5 m/s. The drying time of the stuffed pepper increased with increasing air
velocity. It was 71.8 h at the air velocity of 0.5 m/s and 89.6 h at the velocity of 1.5 m/s. The
drying rate was high at the air velocity of 0.5 m/s till 53 h. Thereafter, there was no

improvement in the drying rate with the change in the air velocity. The green been dried in 67.8
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h and 75.6 h at the drying air velocity of 0.5 m/s and 1.5 m/s, respectively. The drying rate was
high at the velocity of 0.5 m/s during the first 15 h of the drying period, and afterwards, it
increased at the high air velocity. However, the onion dried at the faster rate at the high velocity.
The drying time was less at the high velocity, and it was 82.7 h at the velocity of 1.5 m/s and
90.43 h at the velocity of 0.5 m/s. The Diffusion model described the drying behaviour of the
green pepper and the pumpkin, the Two - term model for the onion and the stuffed pepper, and
the Page model for the green bean.

Borah et al. (2015) dried whole and sliced turmeric rhizomes in a solar conduction dryer
to study its drying kinetics and to evaluate the performance of the dryer. They reported that
turmeric rhizomes dried in the falling rate period. Only four thin layer drying models were
tested to identify the best drying model, and the Page model was found to be suitably described
the drying behaviour of the turmeric rhizomes. The drying rate of the sliced turmeric was faster
than the whole turmeric in the first 6 h of the initial drying period. This was due to the free
moisture content on the surface of the sliced turmeric resulting in the removal of more moisture.
They also determined the effective moisture diffusivity which was 1.852 x107*° m?/s and 1.456
x10719 m?/s for the sliced and whole turmeric, respectively. The average thermal efficiency of
the dryer was 55%.

Sacilik et al. (2006) dried organic tomatoes in a direct - type passive solar tunnel dryer
to study its thin layer drying kinetics. The tomato was also dried in the direct sun to compare
its drying time and the colour quality with product dried in the solar dryer. They evaluated the
colour quality of the dried product in a Hunter lab colour difference meter and found that the
colour quality of the product dried in the dryer was better than that of the sun drying one. The
drying rate was high in the solar dryer, and 26.9% of the drying time was saved by drying the
tomato in the solar dryer. The drying process occurred in the falling rate period, and the
approximation of diffusion model was considered as the best model. The coefficients and the
constants of the best model were expressed in terms of the temperature and the relative
humidity of the drying air.

Akpinar and Bicer (2008) studied thin layer drying kinetics of long green peppers dried
in the open sun and in a forced convection solar dryer. When the pepper was dried in the dryer
in the air temperature range from 43.9 °C to 64.8 °C, the moisture content was reduced to 10%
(d.b.) from its initial moisture content of 400% (d.b.) in 104 h. It took 152 h in the direct sun
drying. To find out the most suitable drying model, thirteen thin layer drying models were

tested. The authors reported that the Logarithmic model and the Midilli and Kucuk model were
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the two most suitable drying models for describing the thin layer drying kinetics of the green
pepper dried in the solar dryer and the open sun, respectively.

Tunde - Akintunde (2011) investigated the thin layer drying characteristics of treated
and untreated solar and sun-dried chilli peppers. It was dried in a direct - type solar dryer in a
mean drying air temperature of 45 °C. The chilli samples were blanched in water and steam
and socked in an osmotic solution before drying. The drying time of the solar dried sample was
in the range of 35 - 50 h while it varied between 45 h and 75 h in the direct sun. The pre-treated
chilli samples dried at the faster rate compared with the untreated ones. Thus, pre - treatment
reduces the resistance to the internal movement of moisture. The drying process occurred in
the falling rate period, and the Page model yielded the best results for both the drying processes.

Lopez et al. (2014) carried out drying kinetics modelling of chickpea dried in a natural
convection solar dryer consisting of a porous absorber plate solar air heater and a drying
chamber. The moisture content of the chickpea was reduced to 0.02 kg water/kg (d.b.) from its
initial moisture content of 0.52 kg water/kg dry mass (d.b.) in 40 h during April and 32 h during
May. The high mass flow rate of air (0.0276 kg/s) occurred in the dryer during May compared
to April (0.0228 kg/s.). Seven thin layers drying models were tested to identify the best model
to describe the drying behaviour of the chickpea. Out of the seven models, the exponential

model satisfactorily described the drying behaviour of the chickpea.

2.2.2 Drying of fruits

Akpinar (2008) investigated the drying kinetics of white mulberry dried in a forced convection
solar dryer and the open sun with natural convection. The moisture content of the mulberry
was reduced to 0.17 g water/g dry matter from the average initial moisture content of 4.55 g
water/g dry matter in 104 h and 152 h in the solar dryer drying and the open sun drying,
respectively. The drying process of the white mulberry took place in the falling rate period, and
the Logarithmic and the Verma et al. models satisfactorily described the thin layer drying
behaviour of the white mulberry. The investigator also determined the diffusivity coefficient
which was 3.56 x 107° m?/s and 2.4 x 10=° m?/s for the solar drying and the open sun
drying, respectively.

Togrul and Pehlivan (2002) developed a mathematical model of the thin layer solar
drying process of apricots dried in a forced convection solar dryer attached to a conical
concentric solar air heater. The moisture content of the SO> pre - treated apricots was reduced
to 18% (w.b.) from its initial moisture content of 77.8% (w.b.) in 68—78 h in the solar dryer

while it took 112 h in the direct sun drying. The drying experiments were carried out at different
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mass flow rates of drying air (50, 60 and 70 kg/h). The maximum drying air temperature (80
°C) was recorded at the air heater outlet at the mass flow rate of 50 kg/h. The drying process
of the apricots took place in the falling rate period, and the Logarithmic model adequately
described the drying process of the product. The investigators also obtained the relationship of
the constants and the coefficient of the best model with the drying air temperature, velocity,
and the relative humidity.

Yaldyz et al. (2001) studied the thin layer drying kinetics of pre - treated sultana grape
and the effect of air velocity and the temperature on the drying kinetics. The drying experiments
were carried out in the same dryer used by Yaldyz and Ertekyn (2001). The grapes were pre-
treated in a mixture of potassium carbonate, olive oil, and water. The product was dried at
different velocities of air (0.5, 1.0 and 1.5 m/s). The drying rate was high at the air velocity of
1 m/s compared to other velocities during the first 34 h of the drying period. Afterwards, the
drying rate increased at the air velocity of 1.5 m/s. The experimental results showed that the
drying process of the sultana grapes occurred in the falling rate period, and the two - term
model satisfactorily described the drying behaviour of this product. The coefficients and the
constants of the best model were expressed as the function of the drying air velocity.

Midilli and Kucuk (2003a) presented the mathematical modelling of the thin layer
drying process of the shelled and unshelled pistachios. The pistachios were dried in a forced
convection solar dryer at the drying air temperature ranging from 40 °C to 60 °C in a fixed air
velocity of 1.23 m/s and also in the direct sun. Eight thin layer drying models were applied to
determine the best model for representing the drying kinetics of the pistachios. They reported
that the Logarithmic model adequately represented the drying behaviour of the shelled and
unshelled pistachios in the forced convection solar drying. For the natural sun drying, the Two
- term model satisfactorily described the drying behaviour of both the shelled and unshelled
pistachios. The investigators also expressed the constant and the coefficients of the suitable
models in terms of the drying air temperature.

Lahsasni et al. (2004) studied thin layer drying characteristics of prickly pear peel dried
in an indirect - type forced convection solar dryer integrated with an auxiliary heater. The effect
of the drying air temperature and the mass flow rate on the drying rate of the product were
investigated. The drying air temperature and the mass flow rate varied between 50 °C and 60
°C and 0.0277 m%/s and 0.0833 m3/s, respectively. The drying rate increased with increase in
the drying air temperature and the mass flow rate, and the drying process of the prickly pear

peel occurred in the falling period. The effect of the drying air temperature on the drying rate
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was more than the mass flow rate. The Midilli - Kucuk model satisfactorily described the drying
process of this product.

El - Beltagy et al. (2007) dried pre - treated strawberries of different shapes (whole,
half, quarter and 3 mm discs) in an indirect - type active solar dryer to study its drying
behaviour. They reported that the drying process of the strawberry comprised both the constant
and falling rate periods. The drying time decreased with the change in the shape from whole,
half, quarter to 3 mm discs. The chemical composition of the strawberry was not affected by
the pre - treatment. The Newton or exponential model suitably described the drying process of
the product.

Koua et al. (2009) investigated and modelled the thin layer drying behaviour of plantain
banana, mango, and cassava dried in a direct - type natural convection solar dryer. The drying
processes of all these products comprised of a short constant rate period followed by a long
falling period. The Henderson and Pabis model adequately represented the drying behaviour
of all the products. They also determined the effective diffusivity and observed that its value
decreased with increase in the initial moisture content of the products. The effective
diffusivities of the plantain banana, mango, and cassava varied from 1.44 x 1079 to 1.30 x10°°
m?/s, 1.29 x107° to 1.18 x107° m?/s, and1.23 x 10~ to 1.59 x 10~° m?/s, respectively.

Dissa et al. (2011) determined the solar drying characteristic of two varieties of
mangoes (Amelie and Brooks) dried in a direct - type passive solar dryer. They also estimated
the effective diffusivity and the efficiency of the drying system and studied the effect of the
tray position on the drying rate. The effective diffusivity did not change much with the varieties
of mango but it decreased with advancing of the drying days. The tray positions significantly
affected the drying rate and the effective diffusivity. Higher drying rate of the product was
observed in the top tray which was exposed to the solar radiation. The thermal efficiency of
the dryer decreased with progressing of the drying days. The Amelie variety dried more rapidly
than the Brooks. The drying processes of these varieties of the mangoes comprised of a short
constant rate period followed by a long falling rate period. The Two - term and the
Approximations of the diffusion models accurately predicted the drying characteristics of the
products.

Doymaz (2005) studied the open sun drying kinetics of figs. The figs were dried in the
ambient temperature range from 35 °C to 47 °C, and the moister content of the product was
reduced to 25% (w.b.) from its initial moisture content of 74% (w.b.) in 80 h. The drying

process of the figs occurred in the falling rate period. The Verma et al. model adequately
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described the drying process of the figs, and the effective moisture diffusivity of this fruit was
2.47 X 10710 m?/s.

Togrul and Pehlivan (2004) studied the drying kinetics of apricot, grapes, figs, peaches,
and plums dried in the direct sun in the ambient temperature range from 27 °C to 43 °C. The
apricot was treated with SO, and NaHSOs3, and the remaining products were dried without pre-
treatment. The pre - treated apricot dried faster than the other fruits, and the peach dried faster
than the grape, fig, and plum. The drying processes of all the fruits took place in the falling
rate period. The diffusion model was the best model to describe the drying processes of the
SO treated apricot and figs. The modified Henderson and Pabis model adequately described
the drying processes of the apricot without pre - treatment, grapes, and plums, and the Verma
et al. was the best model for the peaches.

2.2.3 Drying of herbs and medicinal plants

Akpinar (2006) investigated the thin layer direct sun drying behaviour of mint, parsley, and
basil. The author reported that the drying processes of these aromatic plants took place in the
falling rate period. Twelve thin layer drying models were tested to find out the best model. The
modified Page model was the most suitable model for describing the thin layer drying
behaviour of the mint and the basil leaves. For the parsley leaves, the Verma model was the
best model. Effective moisture diffusivities for all the leaves were determined, and the values
were found to be 7.04 x 10712 m?/s, 4.53 x 10712 m%s, and 6.44 x 10~12 m?/s for the mint,
parsley, and the basil leaves, respectively.

El - Sebaii and Shalaby (2013) designed and fabricated an active solar dryer consisting
of a double cover V - corrugated solar air heater, a blower, and a cross flow drying chamber.
Mint and thymus leave were dried in the dryer at an average drying air temperature of 53.5 °C
and a mass flow rate of 0.0223 kg/s to determine the best thin layer models representing the
drying process of the products. The thymus and mint leave dried in 34 h and 5 h, respectively.
They observed that the drying processes of both the products took place in the constant rate
and falling rate periods. Generally, herbs and medicinal plants dry in the falling rate period.
Therefore, the author suggested for further study at different mass flow rates of air and the
drying air temperatures to verify its abnormal behaviour. The best model for describing the
drying behaviour of the mint and thymus leaves were the Midilli and Kucuk model and the
Page and modified Page model, respectively.

Mohamed et al. (2005) identified the best thin layer drying model for Citrus aurantium

leaves. The experiments were performed in an indirect - type forced convection solar dryer.

43
TH-1610_13613022



Chapter - 2 Literature Review

The leaves were dried in the temperature range of 50-60 °C and the flow rate of air between
0.0277 m®/s and 0.0833 m®/s. The authors reported that only falling rate period was visible in
the drying process of the Citrus aurantium leaves. The drying rate increased with increasing
drying air temperature, and the highest value of the drying rate occurred at the drying air
temperature of 60 °C and the mass flow rate of 0.0566 kg/s. The best model for describing the
drying process of the Citrus aurantium leaves was the Midilli and Kucuk model. The
coefficients and constants of this model were expressed in term of the drying air temperature.

Nourhene et al. (2008) studied the drying kinetics of four varieties of olive leaves
(Chemlali, Chemchali, Zarrazi and Chetoui)) dried in a forced convection solar dryer. The
leaves were dried at a constant mass flow rate of air (0.0556 m®/s) but at different temperatures
of drying air (40-60 °C). The drying air temperature affected the drying rate of the leaves. The
drying rate increased with increase in the drying air temperature. They determined the
appropriate model, the effective moisture diffusivity, and the activation energy of the drying
processes of the leaves and observed that the drying processes of all the varieties of olive leaves
took place in the falling rate period. The Page model was the most appropriate model to
describe the drying process. The moisture diffusivity and the activation energy were in the
range of 2.95 x 1071%— 3.6 x 1072 m?/s and 51.52-83.6 kd/mol, respectively.

Mohamed et al. (2008) investigated the effect on the thin layer drying kinetics of the
Gelidium sesquipedale of the drying air temperature and the mass flow rate. The product was
dried in a forced convection solar dryer at different drying air temperatures (40-60 °C) and
flow rates (0.028-0.083 m3/s). The results showed that the drying air temperature significantly
affected the drying rate of the product. The drying time decreased with increasing drying air
temperature. The effective moisture diffusivity increased with increase in the drying air
temperature and the mass flow rate of air. The best model to describe the drying process of the
Gelidium sesquipedale was the Two-term model, and the product dried in the falling rate
period. The coefficients and the constants of the best model were expressed as a function of
the drying air temperature.

Kane et al. (2008) studied the drying characteristics of Mexican tea leaves dried in an
indirect - type forced convection solar dryer. The tea leaves were dried in the temperature range
from 45 °C to 60 °C and the mass flow rates of air varying between 0.0227 m®/s and 0.0556
mq/s. They reported that the drying air temperature and the flow rate affected the drying rate of
the tea leaves, and the drying rate increased with increase in the drying air temperature and the
mass flow rate. The Mexican tea leaves dried in the falling rate period, and the Wang and Singh

model was the best model for describing the drying process of this product. The investigators
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also determined the effective diffusion coefficient and the activation energy at different drying
air temperatures and the mass flow rates. The effective diffusion coefficient increased with
increase in the drying air temperature and the mass flow rate. The authors reported from the
visual inspection of the colour of the dried tea leaves that the optimum drying air temperature
and the mass flow rate at which the colour and the texture were preserved, were 50 °C and
0.0227 m®/s, respectively.

The authors Lahsasni et al., 2004, Mohamed et al., 2005; Nourhene et al., 2008;
Mohamed et al., 2008; and Kane et al., 2008 used the same indirect - type forced convection
solar dryer for drying different herbs and medicinal plants.

Varun and Sharma (2014) investigated the drying behaviour of fenugreek leaves dried
in an indirect - type natural convection solar dryer and in the direct sun. The leaves were dried
in the temperature range between 49.45 °C and 77 °C in the solar dryer. The product dried in
the dryer in 50% less time in comparison with the sun drying. The drying process of the
fenugreek leaves occurred in the falling rate period, and the Wang and Singh model was the
best descriptive model for both the solar and the sun drying processes.

Sallam et al. (2015) studied the drying behaviour of whole mint plant dried in two
separate solar dryers with different modes of air flow. Two identical direct and indirect solar
dryers operating in both natural convection and forced convection modes were used to perform
the study. The authors reported that the drying time of the mint plant in the direct type dryer
was less than in the indirect one in the natural convection mode because of high temperature.
The drying rate in the forced convection mode was higher than in the natural convection, and
it was same for both the direct and indirect dryers. They attributed this cause to the same drying
air temperature for both the dryers. The whole mint dried in the falling rate period. The
Diffusion approach and the Verma et al. model were the two best models to describe the drying
behaviour of the natural convection drying in both the dryers and the Verma et al. model was
the best model for the forced convection. The effective diffusivity was also evaluated, and it
was more in the forced convection mode.

Gulcimen et al. (2016) dried sweet basil in a forced convection solar dryer consisting
of a solar air heater and a drying chamber. They studied the kinetics of the drying process of
sweet basil and also the performance of the air heater by attaching fins with the absorber plate
at different angles (30-60°) and mass flow rates (0.012—0.033 kg/s). It was reported that the
highest efficiency of the air heater was obtained at an angle of 30°. The efficiency increased
with increasing mass flow rate, and the maximum efficiency was 63% at the mass flow rate of

0.033 kag/s. The sweet basil was dried at different mass flow rates, and the drying time
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decreased with increasing mass flow rate. The drying time varied from 425 min to 600 min
with increasing mass flow rate from 0.012 kg/s to 0.033 kg/s. The Page model satisfactory
described the drying process of the sweet basil. They also proposed a new model for the drying
process of the sweet basil.

2.2.4 Drying of fish and other products

Chavan et al. (2008) presented mathematical modelling of the thin layer drying behaviour of
the Indian mackerel dried in a hybrid solar - biomass dryer and in the direct sun. The natural
convection solar dryer consisted of a solar air heater, a biomass heater, and a drying chamber.
The biomass air heater was used during the night - time to produce the hot air required for
continuing the drying operation after the sunset. The investigators also studied the sensory
attributes of the dried fish including taste, texture, odour, appearance, and overall acceptability
to evaluate the optimum drying conditions. They reported that the overall acceptability of the
dried product increased with increase in the drying air temperature from 45 °C to 50 °C. The
solar drying process took less time in comparison with the sun drying. The fish dried in 24 h
in the solar dryer while it took 44 h in the sun drying. The drying process of the Indian mackerel
occurred in the falling rate period. The Midilli and the Two - term models were the most
suitable models to predict the drying process in the solar dryer drying and the open sun drying,
respectively. In addition to the mathematical modelling, they also investigated the performance
of the dryer and found that the overall thermal efficiency of the dryer was 6.3%. The efficiency
was low due to the partial loading of the dryer.

Jain and Pathare (2007) studied the drying kinetics of the open sun drying of fish (prawn
and chelwa fish) and observed that the drying processes of these fishes took place in the falling
rate period, and the Logarithmic model best described the drying processes of both the fishes.
The investigators also determined the effective moisture diffusivities which were 11.11 X
10~1% m?/s and 8.708 x 10~ m?/s for prawn and chelwa fish, respectively.

Usub et al. (2010) designed and developed a mixed - mode - type solar tunnel dryer
consisting of a flat plate air heater with a thermal energy storage, a tunnel dryer unit, and blower
and studied the drying behaviour of silkworm pupae. The product was dried at different air
flow rates (0.21-0.53 kg/s) and temperatures (33-45 °C). The colour, lipid, and fatty acid
contents of the solar dried sample were compared with the sun dried one. The colour of the
sample dried in the solar dryer was better than that of the sun dried one, and the optimum mass
flow rate for better quality colour for the solar drying process was 0.32 kg/s. The fatty acid and
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lipid contents did not change much in the solar dried product as compared with the sun dried
one. Both the constant rate and the falling rate periods were observed in the drying process of
the silkworm pupae, and the constant rate drying period was quite long. They stated that the
Midilli - Kucuk model precisely represented the drying behaviour of the silkworm pupae, and
the coefficients and constants of this model were expressed as a function of the drying air

temperature, relative humidity, and the mass flow rate.

2.2.5 Overall observations

Numerous studies on the modelling of the thin layer drying processes of food and agricultural
products in the solar dryer and under the open sun were reported. The distribution of the works
performed on different products is shown in Fig. 2.1. The highest studied product is fruits
(35.5%) followed by herbs and medicinal plants (29.03%) and vegetables and spices (25.8%).
The study on the other products like fish, meat, etc. is limited. There is no information about
the thin layer solar drying study of the meat.

0O Vegetables and spices

O Fruits

EHerbs and medicinal
plants

BFish and other products

Fig. 2.1 Distribution of the studies on the thin layer solar and sun drying processes of food

and agricultural products.

In most experiments, the products were dried at the drying air temperatures range from
35 °C to 60 °C. The maximum temperature of the drying air reported was 80 °C, and Togrul
and Pehlivan (2002) dried apricot using concentric solar air heater at this temperature. The
drying process of vegetables and herbs occurred in the falling rate period apart from the mint
and thymus leaves. El - Sebaii and Shalaby (2013) found that the mint and thymus leaves dried
both in the falling rate and constant rate periods. The authors were doubtful about their findings
as the drying behaviour of these two products were unusual and, therefore, suggested further

study to verify whether the two leaves dry in the constant rate period or not. Both the constant
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rate and falling rate periods were observed in the drying process of mango, strawberry, cassava,
and banana. The drying process of the studied remaining fruits took place in the falling rate
period only. The drying process of fishes also occurred in the falling rate period. Therefore, the
diffusion process controls the drying process of the many products. In addition to the study of
identifying the appropriate model, a few investigators also estimated the effective moisture
diffusivity coefficient of some of the products, and it was varied between 10.26 x 10'* m?/s
and 3.6 x10° m?/s. Experimental uncertainty analysis was performed by a few authors
(Akpinar 2008; Shringi et al., 2014; Akpinar and Bicer, 2008) which is only 9.67% of the cited
works, although it should be considered in the modelling and the analysis of the thin layer
drying process (Kucuk et al., 2014). The study on the effects of the drying air temperature,
mass flow rate, and relative humidity on the drying kinetics are limited.

It is observed from this review that dryers should be operated at the optimum operating
conditions to obtain high-quality product and to reduce energy consumption. The too low
temperature in the beginning of the drying operation causes the growth of microorganisms
before drying is complete. Too high temperature and low humidity bring about surface
hardening of the products which prevents the moisture diffusion (Boughali et al., 2009). The
pre - treated product dried in a shorter period in comparison with the non - treated one, and it
also prevents the growth of microorganism during the drying period. Therefore, products
should be treated before drying. The large size products should be cut into small size to enhance
the drying rate as well as to reduce the drying time. Solar drying is faster than the open sun
drying. All the types of solar dryers were used to study the drying characteristics of the
vegetables, fruits, herbs and medicinal plants, and other products. The drying air velocity
affects the drying rate of different stages of the drying period, and therefore, a dryer should be
operated at the optimum drying air velocity to reduce the electrical energy consumption in the

forced convection solar dryer.

2.3 Energy and Exergy Analyses of the Solar Drying Process

Effective use of energy resources in a thermal system can be ascertained by the energy and
exergy analyses based on the first law and the second law of thermodynamics, respectively.
Nowadays, the exergy analysis along with the energy analysis has become a powerful tool in
the optimisation of the complex thermodynamic systems. The energy analysis deals with only
the quantity of energy and makes only energy balance of a system. It cannot make any
difference of the heat available at different temperatures or other energy sources (Nag, 2001).

The quantity of heat available at different temperatures may be the same but the quality is not.
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The heat available at the high temperature has the high quality in comparison with the heat
available at the low temperature.

The exergy analysis or the second law analysis deals with the quality of energy,
irreversibility, and the entropy generation. It can measure the quality of energy and quantifies
the wasted work potential. The exergy analysis provides more realistic views of a
thermodynamic process. It determines the causes and magnitude of irreversibility in any
thermodynamics process (Saidur et al., 2010) and identifies the locations, causes, and sources
of deviations of the actual process from the ideal one (Rosen and Dincer, 2003). Thus, the
energy analysis identifies the quantity of the wastage energy in a drying system while the
exergy analysis determines the quality of that energy and gives information about the potential
for the utilization of the wastage energy. Therefore, the energy and exergy analyses are widely
used by the researchers for the thermodynamic analysis of the thermal systems.

Drying is an energy intensive operation as the latent heat of evaporation is required for
evaporating the moisture from the materials to be dried (Aghbashlo, 2013; Kudra, 2004).
Therefore, the drying system should be operated energy efficiently to reduce energy cost as
well as to reduce environmental impact. These factors place the emphasis on the better design
of the new dryer, improvement in the design of the existing dryers, good operational practice,
and the utilisation of the renewable energy sources as much as in the drying process. Many
investigators applied energy and exergy analyses in the performance evaluation of the solar
drying systems or the solar drying process of different agricultural products. Large numbers of
studies have been performed on the exergy analysis of the solar drying process of different

agricultural products.

2.3.1 Review on energy and exergy analyses of the solar drying process

Many studies were reported in the literature on the energy and exergy analyses of the solar
drying process of agricultural products. The studies undertaken by many investigators have
been reviewed in this part of the chapter. Midilli and Kucuk (2003b) performed energy and
exergy analyses of the drying process of the shelled and unshelled pistachios dried in an indirect
- type forced convection solar dryer integrated with an auxiliary heater. The shelled and the
unshelled pistachios were placed in two separate shelves and were dried in a cross flow drying
chamber with the drying air temperature varied between 34 °C and 82 °C. They reported that
the unshelled pistachios consumed more energy than the shelled pistachios. The energy
utilisation (EUR) was also high in the case of the unshelled pistachios (0—34.8%) compared

with the shelled pistachios (0-24.9%). The author reasoned that the EUR of the unshelled
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pistachios was high due to the structure and more moisture content of the product. The exergy
inflow to the drying chamber increased with increase in the solar radiation intensity. The exergy
loss was more and the EUR was high in the case of the unshelled pistachio drying. The exergy
efficiency of the shelled pistachios and the unshelled pistachios varied between 27.84% and
100% and 10.86% and 100%, respectively.

Celma and Cuadros (2009) developed a laboratory scale solar dryer consisting of a solar
air heater, a drying chamber, and an optional operating fan. The dryer was operated in the
natural convection mode to obtain the data for the energy and exergy analyses of the drying
process of the olive mill wastewater. The authors reported that the EUR was high on the 2"
day of the drying process (0-30.08%) compared with the 1% day (0-22.06%). The exergy
inflow to the drying chamber varied with the change in solar radiation intensity. The exergy
losses increased linearly with increase in the EUR. Most of the exergy loss occurred during the
2"Y day of the drying process of the product. The exergy loss varied between 53.24% and 100%
in the first day and 34.4% and 100% in the second day. The exergy efficiency showed decaying
behaviour with increased in the inlet temperature of the drying chamber.

Ozgener and Ozgener (2009) performed energy and exergy analyses of a passive solar
greenhouse dryer. The investigators conducted the experiment in the temperature range from
40 °C to 49.9 °C and velocity range from 0.1 m/s to 0.3 m/s. It was reported that the greenhouse
temperature and the solar radiation affected the drying rate of the product. The average exergy
efficiency of the drying process was in the range of 63-73%. The exergy efficiency was
affected by the greenhouse inside temperature, relative humidity, and the solar radiation
intensity. The exergy efficiency decreased with increase in the mass flow rate as it consumed
more energy.

Akpinar (2010) investigated the thin layer drying kinetics of mint leaves and also
performed energy and exergy analyses of the drying process of the product. The mint leaves
were dried in the temperature range 51.5 °C and 66.3 °C in a forced convection indirect - type
solar dryer consisting of a solar air heater and a drying cabinet. The author reported that the
EUR varied between 7.8% and 46.3%. It decreased with increase in the drying time. The exergy
efficiency was in the range of 34.7-87.7%. The exergy efficiency increased with increase in
drying time. When the exergy efficiency increased, the EUR decreased.

Akbulut and Durmus (2010) performed energy and exergy analyses of the thin layer
drying process of mulberry dried in a forced convection indirect - type solar dryer. The
investigators reported that the EUR ratio decreased with increase in the drying time. It was less
on the 2" day (27.1-45.4%) compared with the first day (15.9-89.3%) for the mass flow rate
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of 0.002 kg/s. They also reported that the EUR decreased with increase in the mass flow rate
of air. The average value of EUR varied between 55.2% and 20.15% when the mass flow rate
of air was varied between 0.014 kg/s and 0.036 kg/s, respectively. The exergy loss increased
with increase in the mass flow rate of air. The exergy efficiency ranged from 21.3% to 93.3 %.

Chowdhury et al. (2011) dried Jackfruit leather in a solar tunnel dryer and performed
energy and exergy analyses on the experimental data. The drying system consisted of a solar
air heater, a transparent drying unit, and fans with photovoltaic module. The investigators dried
50 kg of jackfruit leather and found that the overall efficiency of the dryer varied between
39.2% and 48.1%. They also estimated the energy and the exergy efficiencies of the solar air
heater which were in the range of 27.5-42.5% and 32-69%, respectively. It was reported that
the exergy inflow of the solar air heater increased with increase in the solar radiation. The
average exergy efficiency of the dryer was 41.4%.

Sami et al. (2011) developed a mathematical model of an indirect - type forced
convection solar dryer based on the energy and exergy analyses assuming chilli as the model
product. The authors investigated the energy and exergy performances of the solar air heater
and the drying chamber. It was reported that the difference between the exergy inflow and
outflow of the drying chamber decreased with increase in the drying days. Less amount of
exergy was destroyed in the 2" day in comparison with the 1t day. The exergy inflow of the
drying chamber was more during the first few hours (till 12:00 h of every day) and then showed
a decreasing behaviour. The exergy efficiency of the drying chamber in the 2" day was more
compared with the 1% day. They also studied the effect of some parameters on the exergy inflow
and exergy efficiency of the solar air heater. The exergy inflow of the solar air heater increased
with increase in the length of the heater but it decreased with increase in mass flow rate of air.

Boulemtafes - Boukadoum and Benzaoui (2011) performed energy and exergy analyses
of the solar drying process of mint in an indirect - type natural convection solar dryer. The
investigators reported that there was a linear relationship between the exergy loss and the EUR.
The highest exergy loss occurred in the 2" day of the drying operation.

Lamnatou et al. (2012) carried out energy and exergy analyses of a solar dryer
integrated with an evacuated tube solar air heater. Investigators dried apples, carrot, and
apricots in the dryer and identified the suitable drying model for each product. They also
evaluated the EUR at different velocities ranging from 0.3 m/s to 0.9 m/s and found that the
EUR increased with increase in the mass of the product samples. They stated that the low EUR
indicated partial loading of the dryer. The experiment was carried out without loading the dryer

fully. It was loaded with only 220-440 g of the products. The EUR of the carrot drying process
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was 20% (sample mass 220 g) and 60% (sample mass 440 g) and the corresponding pick - up
efficiencies were only 2% and 5%. The exergy loss increased with increase in the EUR. The
apples were dried at different velocities (0.3, 06 and 0.9 m/s). The EURs of the apple drying
process were 21%, 44%, and 24% at the air velocity of 0.3, 0.6, and 0.9 m/s, respectively. The
pick - up efficiency was high at the low air velocity than the high velocity of air. The lowest
exergy loss took place at the low air velocity.

Fudholi et al. (2014a) investigated the performance of a forced convection indirect -
type solar dryer by drying 40 kg of red chilli. The dryer consisted of a panel of finned absorber
double pass solar air heater, a blower, an auxiliary heater, and a cross flow drying chamber.
The red chilli was dried in 33 h (5 d) from the initial moisture content of 80% (w.b.) to the final
moisture content of 10% (w.b.) in the drying air varied between 28 °C and 55 °C. The efficiency
of the solar heater varied between 11% and 74% at the mass flow rate of 0.07 kg/s. The overall
thermal efficiency of the drying system, pick - up efficiency (Pick-up efficiency determines the
efficiency of moisture removal of the drying air from the product. It defined as the ratio of the
moisture picked up by the air in the drying chamber to the theoretical capacity of the air to
absorb moisture.), and the specific energy consumption were 12.7%, 44.9%, and 5.3 kW h/kg,
respectively. They reported that the exergy efficiency varied between 43% and 97%.

Fudholi et al. (2014b) carried out energy and exergy analyses of the drying process of
the red seaweed and also carried out kinetics analysis of the drying process of the product. The
investigators dried 40 kg of red seaweed from the initial moisture content of 94.6% (w.b.) to
the final moisture content of 10% (w.b.) in 15 h in the drying air temperature range from 35—
60 °C. They reported that the efficiency of the solar air heater varied from 26% to 80% with an
average of 35%. The thermal efficiency of the drying system and the pick - up efficiency were
27% and 95%, respectively. The specific energy consumption was 2.62 kW h/kg, and the
exergy was in the range of 1-93%.

Fudholi et al. (2015) carried out performance analysis of a forced convection indirect
type solar dryer by drying palm oil fronds. The investigators loaded the dryer with 100 kg of
the palm oil fronds and estimated the efficiency of the solar air heater, system drying efficiency,
pick - up efficiency, specific moisture extraction ratio, exergy losses, and exergy efficiency.
The auxiliary heater was not used during the drying operation. The efficiency of the air heater
varied from 9% to 48% with an average of 31%. They reported that the efficiency of the solar
air heater increased with decrease in the intensity of the solar radiation. The overall drying
efficiency, the pick - up efficiency, and the average exergy efficiency were 19%, 67%, and

47%, respectively.
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Fudholi et al. (2016) dried salted Jewfish in a hybrid solar dryer consisting of a diesel
burner, fans, photovoltaic plate, and a solar air heater. 51 kg of fish was dried in the dryer at an
average drying air temperature of 50 °C and a mass flow rate of 0.0778 kg/s. The authors
studied the drying kinetics of the fish and also performed energy and exergy analyses of its
drying process. Specific energy consumption (2.92 kg/kW h) and average exergy efficiency
(31 %) were evaluated. The investigators did not mention whether the diesel burner was used
during the drying experiment or not.

Mokhtarian et al. (2016) carried out exergy analysis of the drying process of pistachio
in a solar dryer with and without exhaust air recirculation. The drying system consisted of
porous absorber plate solar air heater, fan, and a drying chamber. There were two solar air
heaters in the drying system. One was used to produce the hot air required for drying the
product, and the other one was used to heat the exhaust of the dryer before recirculating in the
drying chamber. The product was dried by three methods. In the method - 1, the exhaust air of
the drying chamber was recirculated when the outlet air relative humidity dropped to <15%.
In the method - 11 and I, the product was dried by the air heated in the air heater without
recirculation and in the sun, respectively. They reported that the drying time of the pistachio
was reduced with the recirculation of the exhaust air. The average pickup efficiency (40%) and
average exergy efficiency (50%) were also high with the recirculation. It was 1.8 times more
than without the recirculation. The energy utilisation ratio was also high in the case of the
method - 1. Eventually, they concluded that the solar dryer with the recirculation was more
effective in comparison with the drying system without recirculation and the sun drying

process.

2.3.2 Overall observations

Energy and exergy analyses are becoming a very important tool in the thermodynamics analysis
of the drying system. It has been used by many researchers to investigate the performance of
the solar dryers. The common drying system performance parameters used by the researchers
are specific energy consumption, energy utilisation ratio, the energy efficiency of the drying
system, pickup efficiency, and exergy efficiency. The EUR and the exergy efficiency are the
two most widely used performance parameters in the drying system (Table 2.2).

These parameters show opposite trends with the progressing of the drying time. Lower
EUR indicates lower utilisation of the supplied energy. The exergy efficiency increases with
decrease in the EUR. The EUR decreases with the progress of the drying time while the exergy

efficiency increases with increase in the drying time.
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Table 2.2
Energy and exergy analyses of the solar drying process undertaken by different researchers.
Type of Product | Effici | EUR | Pick-up SPEC Exergy Ref.
dryer ency efficiency | kWh/kg | Efficiency
(%) (%) %
FC-IDT - | Shelled - 0-24 - - 27.8-100 | Midilli  and
with Pistachio Kucuk
auxiliary Unshelled - 0- - - 10.9-100 | (2003b)
heater pistachios 34.8
NC - IDT Olive mill - 0— - - 344-100 | Celma and
wastewate 30.1 Cuadros
r (2009)
NC-GHD | NA - - - - 63-73 Ozgener and
Ozgener
(2009)
FC-IDT Mint - 7.8— - - 34.7-87.7 | Akpinar
leaves 46.3 (2010)
FC-IDT Mulberry 20.2— 21.3-93.3 | Akbulut and
55.2 Durmus
(2010)
FC-IDT Jackfruit 42.47 - - 41.4 (avg.) | Chowdhury
leather etal. (2011)
Apples - 21-44 - - - Lamnatou et
FC-IDT al. (2012)
Carrot 20-60 2-5 - -
FC-IDT - | Red chilli 12.7 | - 44.9 5.26 43-97 Fudholi et al.
with (2014a)
auxiliary
heater
FC-IDT- | Red 271 | - 97 2.62 1-93 Fudholi et al.
with seaweed (2014b)
auxiliary
heater
FC-IDT Coriander - - - - 67-88 Shringi et al.
with latent (2014)
heat storage
FC-IDT- |Palm olil 19 |- 67 - 10-70 Fudholi et al.
with fronds (2015)
auxiliary
heater
FC-IDT Salted 23-41 | - - - 1744 Fudholi et al.
Jewish fish (2016)

NC - IDT = Natural convection - indirect type; NC - GHD = Natural convection - green house

dryer; FC - IDT = Forced convection - indirect type
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With the elapse of the drying time, the moisture content of the dried product decreases, hence
more energy is available in the exhaust of the drying chamber resulting in higher exergy
efficiency.

The loading of the drying chamber, the inlet temperature, and the mass flow rate of the
drying air also affect the EUR and the exergy efficiency. Partial loading of the dryer causes
low EUR. The exergy loss increases with increase in air velocity. Therefore, the meticulous
planning of the recirculation of the exhaust air in the drying chamber and the optimum loading
and the mass flow rate can maximise the utilisation of input energy.

The structure and the moisture contents of the products greatly affect the energy
consumption in the drying process. The product with shell consumes more energy than the
product without the shell. In addition, the solar air heater plays an important role in the overall
efficiency of the drying system. To maximise the utilisation of the available solar energy in the

solar dryer, it is necessary to use high-efficiency solar air heater.

2.4 Research Gaps and Objective

A comprehensive review of the development of the hybrid solar dryer, the kinetics analysis of
the thin layer solar and sun drying processes of the food and agricultural products, and the
energy and exergy analyses of the solar drying process has been carried out. The recent studies
on the hybrid solar dryer have focussed on the application of the latent heat storage as the
thermal energy storage in the solar dryer. The heat pump assisted solar drying is another
growing area of study on the solar drying. The incorporation of the energy storages, auxiliary
heaters, and the heat pump into the solar dryer provide operational flexibility of the solar dryer
irrespective of the weather conditions.

Large numbers of studies on the thin layer solar and sun drying processes of the food
agricultural products and the mathematical modelling were reported in the literature. The
highest study product is the fruit (35.5%) followed by the herb (29%) and the vegetable
(25.8%). The remaining percentage is the fish and other products. No study was reported on
the thin layer drying process of the meet. The food and agricultural products can be dried in
the solar dryer in the temperature range between 35 °C and 60 °C. A high quality dried product
can be obtained by drying the food and agricultural products in the solar dryer in contrast to
the open sun drying. Although a great deal of efforts has been made to develop the solar dryers
for drying food and agricultural products, the following areas still demand the attention of the

researchers.
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% The paraffin wax was the widely applied latent heat storage material in the solar dryer.

L)

The application of the other phase change materials in the solar dryer need to be

investigated.

X/
°e

Most works reported on the solar dryer were experimental in nature. The future
direction of study in the solar dryer lies in the development of the mathematical model
of the existing dryers, optimization of operating parameters, and the economic study.

% The application of the software packages such as COMSOL multi - physics, ANSYS,
and FLUENT in the simulation of the hybrid solar dryers are very limited.

% The thin layer kinetics studies of the solar dried products like fish, meat, and some other
products are still unexplored. Limited information is available about the modelling of
the thin layer drying process of the products dried in the solar dryers with the energy
storage and the heat pump assisted solar dryers.

%+ The main disadvantage of the natural convection solar dryer is the low air velocity and
the reverse thermo - syphoning during the night - time when it is operated with the
biomass heater. Therefore, further investigation is required to improve this drawback.

% Itis observed from the literature review of the exergy analysis of the solar drying system
that many investigators presented exergy analysis of the drying processes of the
agricultural products dried mainly in the indirect - type forced convection solar dryer.
Complete exergy analysis of the solar drying system integrated with the auxiliary heat
sources and the thermal energy storage are not reported in the literature.

% The exergy analysis of the heat pump assisted solar dryer and the mixed - mode type
solar dryer was also not reported in the literature.

% Most works focused only on the exergy analysis of the drying process. The detailed
exergy analysis of the system including the components needs to be carried out.

In addition to these general research gaps, it has been observed that

» The thin layer Kinetics and energy and exergy analyses of the dying process of Ghost
chilli are not reported in the literature.

» The studies on the exergy analysis of the solar drying system focused only on the exergy
analysis of the drying chamber and the drying process of a specific product,

» The drying of chilli in a solar dryer integrated with a latent heat storage unit is not
reported in the literature.

» The detailed energy and exergy analyses of the solar dryer integrated with latent heat

storage have not been performed by the researchers.
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Therefore, the main objective of this study is to develop a forced convection solar dryer
integrated with a paraffin wax based latent heat storage module to dry some of the valuable
agricultural products available in the subtropical climate of the North - Eastern region of India.
The following are the sub - objectives of the present study;

e Kinetics studies of the solar and sun drying processes of the Ghost chilli: In this
study, the kinetics of the drying process of the Ghost chilli will be studied by drying it
in the solar dryer and the open sun. The best drying models representing the drying
process of the Ghost chilli in the solar dryer and the sun drying will be identified

applying non - linear curve fitting.

e Energy and exergy analyses of the drying processes of the Ghost chilli and the
sliced ginger: In this part of this study, Ghost chilli and sliced ginger will be dried in
the solar dryer without energy storage. Then, energy and exergy analyses of the drying
process of the two products will be performed with the experimental data.

e Performance investigation of the complete drying system with thermal energy
storage: The solar dryer with thermal energy storage will be tested by drying red and
green chilli. The energy and exergy efficiencies of each component of the solar dryer

will be evaluated by energy and exergy analyses.

e Economics analysis: In the economic analysis, the cost of drying per kg of dried
product in the solar dryer will be compared with the electric dryer by annualized cost

method.
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Chapter - 3

Design of the Solar Dryer with Thermal Energy
Storage

3.1 Developed Solar Dryer

The major components of the solar dryer developed in this study are solar air heater, a paraffin
wax - based latent heat storage module, a drying chamber, and a blower. It is a forced
convection - type hybrid solar dryer. The mass and energy flow diagram of the dryer is shown
in Fig. 3.1. Two forms of energy are used to run this drying system; they are solar energy and
electrical energy. Solar energy is the main source of energy. The electrical energy is used to
run the blower which circulates air through the different components of the drying system. The
solar air heater produces the hot air required for drying the agricultural product by harvesting
solar energy. The hot air is then passed through the thermal energy storage where some part of
the heat is transferred to the storage material from the air during the charging period, and the
remaining heat is used in the drying chamber. During the discharging period or the low and off
- sunshine periods, the accumulated heat is released from the storage material to the air flowing
through the thermal energy storage. The air is then supplied to the drying chamber by the
blower where heat is transferred from the air to the agricultural product, and the moisture is

transferred from the product to the air. Eventually, the air leaves the drying system in a moist

condition.
Solar energy
Product
Ambient air in [ Solar air | Hot air out Electrical energy Drying
heater | .chamber | nroist air out
| Energy
| storage

Blower

Fig. 3.1 Mass and energy flow diagram of the developed solar dryer.
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The drying process in the solar dryer is basically a convective drying. The energy
requirement for removing the moisture from the materials is supplied by the hot air. Therefore,
the basic design calculations include the estimation of the energy and air flow requirements of
the drying system. The components of the drying system are then sized based on the energy

and air flow requirements.

3.2 Estimation of Energy and Air Flow Requirements

The quantity of the energy and air flow requirements depends on the quantity of the moisture
to be removed from the agricultural product under the specified conditions. These parameters
can be determined by the energy balance equation as well as from the principle of the
Psychrometry. The quantity of the moisture (im,,) to be removed during drying is given by Eq.
(3.1) (Ayensu and Asiedu - Bondzie, 1986).

-my (M, -M,)

" 00-m,) 31)

where (m,,) is the mass of the product, M; is the initial moisture content on wet basis (w.b.),
and Mg is the final moisture content (w.b.), both in percentage.

The moisture content of any product on wet basis and dry basis in percentage can be obtained
by Egs. (3.2) and (3.3), respectively (Keey,1992).

m_ —m
M, =—2 9% 4100 (3.2)

m. —
=— P %100 (3.3)

where m,,, is the initial mass of the product, and m,-, is the dry mass of the product.

The relation between the wet basis and dry basis moisture contents is expressed as follows

I\/ldb

My =———— 34
" 100+ M, (34)

The quantity of the energy required to evaporate m,, kg of moisture can be determined by
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Qv = m\/hfg (35)

The latent heat of evaporation of water (hf,) can be determined employing Eq. (3.6) and it is

to be increased by a factor of 10 — 20% because of the bound moisture (Forson et al., 2007).

P (T —T )0.38
hy =RT,T, In [EJW (3.6)

where is the R, gas constant for water vapour, T, and P., are the critical temperature and
pressure of water at the atmospheric condition, respectively and Ty, is the boiling point of
water at the atmospheric condition.

The average temperature of the product (7,,) can be determined as (Forson et al., 2007).
T, = 0.25(3Tid +Tamb) (3.7)

where T;, is the drying air temperature, and T,,,,; IS the ambient temperature.

The quantity of air required for the drying operation can be determined from the
psychrometric chart as well as from the energy balance equation if the equilibrium moisture
content is known for a given drying air condition (Sharma et al., 1986). If the ambient air is
heated from a state (A) to a state (B) as shown in Fig. 3.2, the dry bulb temperature of the air
increases, and the relative humidity of air decreases. When the drying air at the temperature of
T;q and the relative humidity of Rh;; passes through the drying materials, the relative and
specific humidities of the air increase until the equilibrium state (C) is reached. The moisture
content of the product at that state is known as the equilibrium moisture content. If w; is the
specific humidity of air at the beginning of the drying process, and wy is the specific humidity
air corresponding to the equilibrium condition. The total mass of drying air (mg,) is calculated
with Eq. (3.8).

mda = . (38)

If T,4 is the dry bulb temperature of the air corresponding to the equilibrium state C, then the
total amount of drying air (mgy,) required for evaporating of m, kg of moisture can be

determined from the energy balance equation Eq. (3.9).
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Qv = mdacpa (Tld _Tod ) (39)

where C,, is the specific heat of humid air, and it is expressed as follows. Eq. 3.9 allows to

calculate (Q,) required, once mgy, is known.

C,a =1.005+1.88w (3.10)

where w denotes the specific humidity of air.
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Fig. 3.2 Sensible heating and theoretical drying processes in the psychrometric chart.

3.2.1 Drying of chilli

The hybrid dryer is expected to be used for drying some of the high-value agricultural products
of the North - Eastern region of India. The initial design of the dryer is made for drying chilli.
The primary information necessary for estimating the energy and air flow requirements are the
total mass of the product, the initial and final moisture contents of the product, and the total
drying time. The initial moisture content of chilli varies between 87.5% (w.b.) and 88.9%

(w.b.). The final moisture content or safe storage moisture content varies from 4.8% (w.b) to 9
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% (w.b.) (Hossain and Bala, 2002). The drying time depends on the drying air temperature,
mass flow rate, velocity, and the relative humidity. The size, shape, and the inner structure of
the product also affect the drying time. However, these factors are not considered during sizing
of the components of the drying system. The components are sized completely based on the
simple energy and air flow requirements.

The following assumptions are made for estimating the energy and air flow

requirements.

The average initial moisture content of the chilli is 88% (w.b.).

e The desired final moisture content is 9% (w.b.).

e The outlet air temperature of the solar air heater varies throughout the day due to
variation in the solar radiation. However, an average value of the drying air temperature
is assumed which is equal to 50 °C.

e The average ambient temperature and the relative humidity of the place where the dryer
is to be located are assumed to be 25 °C and 75%, respectively.

When the ambient air at 25 °C and 75% relative humidity is heated to 50 °C, the relative
humidity is reduced to 17% at the constant specific humidity of 0.01509 kg of water vapour
per kg of dry air (from psychrometric chart) as shown in Fig. 3.2. The specific heat of the humid
air is 1.03 kJ/kg-K. The amount of the moisture to be removed from 10 kg of chilli while
reducing the initial moisture content of 88% (w.b.) to the final moisture content of 9% (w.b.)
is 8.7 kg. The average temperature of the product is 43.8 °C. Substituting the value of T, =
647.5K, P,, = 221.2 bar, Ty,,, = 373 K, and R, = 461 J/kg-K in Eq. (3.6) and increasing by
a factor of 1.15, the latent heat of evaporation is found to be 2.7 MJ/kg which is almost equal
to the typical value 2.72 MJ (Ayensu and Asiedu - Bondzie, 1986). The amount of the heat
required for the evaporation of 8.7 kg of water is 23.6 MJ.

The equilibrium relative humidity of the red chilli on the dry basis can be suitably
predicted with the modified Oswin desorption isotherm model (Kaleemullah and Kailappan,

2004). The modified Oswin model is expressed as follows.

Rh, = : c (3.11)
{(A+BT)/M,} +1]

where A, B, and C are the dimensionless coefficients, Rh, is the relative humidity in decimal,
M, is the equilibrium moisture content (d.b.), and Tiq is the drying air temperature in °C.

A=19.299
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B =-0.19449
C=1517

If the equilibrium moisture content is 10% (d.b.), and the drying air temperature is 50 °C, then

the relative humidity of the drying air at the equilibrium condition is found to be 51.6%. The

specific humidity and the dry bulb temperature corresponding to the relative humidity of 51.6%

are 0.0205 kg of vapour/kg of dry air and 37 °C, respectively. Substituting the value w; =

0.01509 of water vapour per kg of dry air and wy = 0.0205 of water vapour per kg of dry air

in Eq. (3.8), the total mass of air required to remove 8.7 kg of moisture from the chilli is found

to be 1608 kg.

Table 3.1

Summary of the basic design calculations.
Parameters Value
Type of product Chilli
Initial moisture content 88% (w.b.)
Desired final moisture content 9% (w.b.)
Initial mass of the product 10 kg
Expected drying time 42 h
Average drying air temperature 50°C

Ambient air temperature and relative humidity
Mass of water to be removed

Total energy requirement

Total mass flow of air

Mass flow rate of air

25°C and 75%
8.7 kg

23.6 MJ

1763 kg

0.012 kg/s

The total mass of air can also be determined from the energy balance equation as given

below.

mvhfg = mdana (Tld _Tod )

(3.12)

Applying Eq. (3.12) for T,; = 37 °C and T;; = 50 °C the total mass of air is found to be 1763

kg which is almost similar to the total mass of the air estimated using the psychrometric chart.
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The drying time of the chilli dried in different types of solar dryer varied from 32 h to
55 h (Leon and Kumar, 2008; Banout et al, 2011; Akintunde, 2011; Fudholi et al. 2014a). The
size of the other components of the drying system depends on the mass flow rate of air. The air
flow rate also affects the energy requirement. The energy requirement increases with increase
in the air flow rate and decreases with increase in the drying air temperature (Sarsavadia, 2007).
The higher is the mass flow rate, the larger is the size of the component. Therefore, assuming
an average value of the drying time of 42 h and the total mass flow of the air of 1763 kg, the
mass flow rate of air is found to be 42 kg/h. The summary of the basic design calculations is

given in Table. 3.1.

3.3 Solar Air Heater

Solar energy is the main source of energy in the developed dryer. The energy requirement of
the dryer is supplied solely from solar energy apart from the electrical energy used for running
the blower. The energy requirements for drying and storing in the heat storage have to be
supplied by the solar air heater during the sunshine hours of the day. Therefore, proper selection
of the size of the solar air heater is crucial to get the required quantity of the heat energy. The
size of the solar air heater for a given application depends on the solar radiation intensity,
efficiency, and the energy requirement. The efficiency of the solar air heater is affected by
many parameters such as mass flow rate of air, the length of the heater, and inlet air
temperature. Therefore, to get the accurate size of the air heater, the parametric study of the air
heater is carried out at the required conditions of the drying system.

3.3.1 Thermal Analysis of the Solar Air Heater

The solar air heater chosen for this drying system is two - pass or double pass - type. In this
type of the solar air heater, the air is first passed between the cover and absorber plates and
then passed under the absorber plate as shown in Fig. 3.3. The efficiency of this type of air
heater is 10 to 15% higher than that of the conventional air heater (Sukhatme and Nayak, 2010).
It does not incur any additional cost. Thermal analysis of the solar air heater is carried out to
predict the outlet temperature and the efficiency of the air heater. The following assumptions
are made for the thermal analysis of the solar air heater.

e The flow is steady.

e The temperature of the wall of the duct is assumed to be uniform but not same for each

wall.
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e The fluid temperature is assumed to be uniform throughout the cross section.

e Side losses are neglected.

Tamb
T T,  Coverplate
fli qst > T
1" pass T, ™ Absorber plate Too
nd
Tro 2% pass T, ' Bottom plate”

Fig. 3.3 Schematic diagram of the double pass solar air heater.

Here, T,n.» =ambient temperature,
T, = average temperature of the cover plate,
Trq; = temperate of fluid (air) at the inlet of the first fluid pass,
Ty, = average temperature of the first fluid pass,
Tr1, = temperature of fluid at the outlet of the first fluid pass,
T, = average temperature of the absorber plate,
Ty, = average temperature of fluid in the second fluid pass,
T, = average temperature of the bottom plate, and
Tr,, = temperature of fluid at the outlet of the second fluid pass

The steady state heat flux balances on various components of the air heater are

discussed below.

(a) Cover plate

The steady state heat flux balance of the cover plate is shown in Fig. 3.4.

?con(c,air) T(s,c) frd (c,sky)

Cover plate
I

qrd(a,c) qcon(fl,c)

Fig. 3.4 The steady state heat flux balance of the cover plate.
The steady state heat flux balance equation for the cover plate can be written as

66
TH-1610_13613022



Chapter - 3 Design of the Solar Dryer with Thermal Energy Storage

q(s,c) + qrd(a,c) + qcon(fl,c) = qcon(c,air) + qrd (c,sky) (3.13)

The solar radiation absorbed by the cover plate is
Gy = %l (3.14)

where | is the solar radiation intensity, and a.. is the absorptivity of the cover plate.

The radiative heat transfer between the absorber and cover plates is

qrd(a,c) = hrd(a,c) (Ta _Tc) (315)

where h,4(4,)denotes the convective heat transfer coefficient between the air and the cover

plate. The radiation heat transfer coefficient is given by

h Ll(T; +T2)(T,+T,) (3.16)

rd (a,c) = 1
7+7
& &

a c

where a, represents the absorptivity of the absorber plate, €, and €, are the emissivities of the
absorber and cover plates, respectively, and o represents the Stefan-Boltzmann constant.
The heat loss at the top of the air heater due to convection and radiation is given by

C.Icon(c,air) + C1rd (c,sky) — Ut (Tc _Tamb) (317)
The convective heat transfer between the fluid in the first fluid pass and the top cover is
qcon(fl,c) F hcon(fl,c) (Tfl _Tc) (318)

The convective heat transfer coefficient is

Nuk
con(f1,c) = D
hr

h (3.19)

where Nu is the Nusselt number, k; is the thermal conductivity of the fluid, and Dy, is the

hydraulic diameter of the fluid pass.

The Nusselt number is computed from the following relation (Sukhatme and Nayak, 2010).
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Nu = 0.158Re*® (3.20)

where Re denotes the Reynolds number.
The hydraulic diameters of the rectangular duct formed by the cover and absorber plates and

the absorber and the base plates are obtained by Eqgs. (3.21) and (3.22), respectively.

4D Y
Dhr(c a) ‘ (321)
‘ Z(D(c,a) +Y)
4D, Y

D — (ab) 3.22
hr(a,b) Z(D(a‘b) +Y) ( )

where D q)is the distance between the cover and absorber plates, D,y is the distance

between the absorber and base plates, and Y is the width of the rectangular duct.

The overall top loss coefficient is computed according to

U, =h, +h g (3.23)
The convective heat transfer coefficient due to wind is computed as (McAdams, 1954)

h, =5.7+3.8v,, (3.24)

where v,,; is the velocity of the wind.
The radiation heat transfer coefficient between the cover plate and the sky is (Duffie and
Beckman, 2006).

(Tc2 + Tsiy )(T(:2 y Tsiy )

e (329
The sky temperature is given by the empirical relation (Garg and Prakash, 2006).
Tyy = Tamo =6 (3.26)
Substituting Egs. (3.14), (3.15), (3.17) and (3.18) into Eq. (3.13) results in
a2l Moy (T =To) ey (Tra =T ) =U (T, ~ T (3.27)
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(b) First pass of fluid
Figure 3.5 shows the steady state heat flux balance of the first fluid pass. The steady

state heat flux balance is given by the following equation.

qfl + qcon(fl,c) = qcon(a, f1) (3-28)

qcon( f1,c)
A Cover plate

4 Absorber
plate

qcon(a, f1)

Fig. 3.5 The steady state heat flux balance of the first pass of fluid.

The net heat transfer to the fluid in the first pass (Ong, 1995)

d,, = 2mf1Cfl(Tf1 _Tfli)
% YISAH

(3.29)

2mflel
YISAH

N, = (3.30)

where g is the mass flow rate of fluid in the first fluid pass, C¢, is the specific heat of fluid

at constant pressure, and | is the length of the heater.

The convective heat transfer between the absorber plate and the first fluid pass is

QCon(a,fl) - hcon(a,fl) (Ta _Tfl) (331)

The convective heat transfer between the fluid in the first pass and the cover plate and between

the fluid in the first pass and the absorber plate is assumed to be equal.

h

con(f1.c)

= hcon(a, f1) (3.32)

Inserting Egs. (3.18), (3.29-3.31) into Eq. (3.28), the following relation yields

N1 (Tfl _Tfli)+ h

con(f1,c) (Tfl -T ) = hcon(a,fl) (Ta _Tfl) (333)

c

69
TH-1610_13613022



Chapter - 3 Design of the Solar Dryer with Thermal Energy Storage

(c) Absorber plate
Figure 3.6 exhibits the steady state heat flux balance of the absorber plate. The steady
state heat flux balance equation for the absorber plate is given by Eqg. (3.34)

q(s,a) = qcon(a,fl) + qrd (a,c) + qcon(a,fZ) + qrd(a,b) (3-34)

qcon(a, f1) q(s,a) qrd (a,c)

J Absorber

p/ v
qrd (a,b) qcon(a,fZ)

Fig. 3.6 The steady state heat flux balance of the absorber plate.

The incident solar radiation absorbed by the absorber plate is given as follows
G0 = | (3.35)

where «a,. is the absorptivity of the absorber plate, and .. is the transmissivity of the cover plate.

The convective heat transfer between the absorber plate and the second pass of fluid is
qcon(a,fz) = hcon(a,fz) (Ta _Tf 2) (3'36)
The radiation heat transfer between the absorber plate and the bottom plate is
qrd(a,b) = hrd(a,b) (Ta _Tb) (3.37)
The radiation heat transfer coefficient between the absorber plate and the bottom plate is

Mscan) = ﬁ(Tf +T)(T, +T,) (3.38)
- _I_ -

8a gb

Substituting Egs. (3.15), (3.31), (3.35-3.38) into Eq. (3.34) results in
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2,7l =Negnianrn) (Ta _Tfl) +Ngac (Ta T ) +Neonca, 12) (Ta =T, ) + Ny an) (Ta _Tb)
(3.39)
(d) Second pass of fluid
The steady state heat flux balance equation for the second fluid pass is shown in Fig.

3.7. The steady state heat flux balance equation for the second fluid pass is written as follows

Gt 2+ Goon(f 2.0) = Yeon(a.f2) (3.40)

Ueon(a,72) Absorber plate

.

— Ui
v Bottom plate

qcon( f2,b)

Fig. 3.7 The steady state heat flux balance of the second pass of fluid.

The net heat transfer to the 2" fluid pass

G, = 2mf2Cf2 (sz _Tflo)
' YISAH

(3.41)

meZCfZ
YISAH

N, = (3.42)

where my, is the mass flow rate of fluid in the second fluid pass, and Cy, is the specific heat of
the fluid.

The convective heat transfer between the second pass of fluid and the absorber plate is
qcon(fz,b) = hcon(fz,b) (sz _Tb) (3.43)
Putting Egs. (3.36), (3.41)—(3.43) into Eq. (3.40)

N2 (Tf 2 _Tfl) + hcon( f2,b) (Tf 2 _Tb) = hcon(a, f2) (Ta _Tf 2) (3'44)
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(e) Bottom plate
Figure 3.8 shows the steady state heat flux balance of the bottom plate of the heater.

The steady state heat flux equation is given by Eq. (3.45).

Gra(ab) + Yeon(t 2.0) = Geon(.air) T Ira o sky) (3.45)

qcon(f 2,b) qrd (a,b)

y

= Bottom plate
E= Y

qrd(b,sky) qcon(b,air)

Fig. 3.8 The steady state heat flux balance of the bottom plate.

Heat loss at the bottom of the air heater is

eongo.zir) T Grao.siy) = Yo (Tb _Tamb) (3.46)
Overall bottom loss coefficient is given by (Karim et al., 2014).

1

X: 1
Sl e _—

kins hWi

U, = (3.47)

where x;, is the thickness of insulation, and k;,, is the thermal conductivity of the insulation.
Substituting Egs. (3.37), (3.43) and (3.46) into Eq. (3.45).

hrd (a,b) (Ta _Tb ) 1 hcon( f2,b) (Tf 2 _Tb) N Ub (Tb _Tamb) (348)

Rearranging Eqgs. (3.27), (3.33), (3.39), (3.44) and (3.48)

I:hcon(fl,c) + hrd (a,c) +Ut :ITC - hcon(fl,c)Tfl - hrd (a,c)Ta =0 I +UtTaLmb (349)
Neon( 1.0y Te — [hcon(fl,c) +hNeonaryy + N1:|Tfl +Neonga 11y Ta =—NiT gy (3.50)

PegacyTe + Meonga, £y T 11 _|:hcon(a, 11 F ey T Neonca, 12) T Nracany ]Ta +Nona 2 T12 Hhagan To = il

(3.51)
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2N, T +Ngna 2 Ta _I:hcon(a,fZ) +Neoncr 20y T Nz]sz +Neoncr 20y To = NoT gy

Pracap Ta + Mooncr 2y T2 _[hcon(f 2b) T Nedan) +Ub:|Tb =—U,T,

amb

Mean temperature of fluid in the first pass and the second pass are expressed as

T T+ T
fi— 2
T= :Tflo ;szo

The outlet temperature of the double pass air heater is given by (Karim et al., 2014).

(Qey+Qrz )Yl

m; C;

T

f20 = Ve T

The thermal efficiency of the air heater is given by

mef (szo _Tfli)

Nsan
1A

Cf :Cfl :sz

(3.52)
(3.53)

(3.54)

(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

A computer programme was prepared to the solve Egs. (3.49-3.53) in the MATLAB to

predict the temperature of the air streams, efficiency, and the outlet temperature of the air

heater. The results are obtained for the solar radiation and the ambient temperature on 14"

March 2015 (latitude 26.18°, Guwabhati, India) measured with an Apogee make pyranometer

model SP - 110, and the properties of materials mentioned in Table 3.2 are used in the

calculation.

Figure 3.9 shows the hourly variation in the solar intensity and the ambient temperature

between 7:00 h and 16:00 h. The maximum intensity of the solar radiation (910 W/m?) was

observed between 11:00 h and 12:00 h. The maximum ambient temperature (31 °C) was
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recorded at 14:00 h around two and half hour later from the time of the maximum solar

radiation intensity. The average solar radiation in the period 7:00 h to 16:00 h was 632 W/m?2.

Table 3.2

Dimensions and properties of the solar air heater air components.
Particulars Dimension/properties
Absorber material Galvanised sheet (thickness 0.85 mm)
Back insulation Polyurethane foam (thickness of 25 mm)
Glazing Plastic sheet of thickness 5 mm

Space between the absorber and cover plates 0.075m

Space between the absorber and base plates 0.04 m
Absorptivity of the absorber plate 0.95
Absorptivity of the cover plate 0.06
Emissivity of the absorber plate 0.92
Emissivity of the cover plate 0.90
Emissivity of the bottom plate 0.25
Transmissivity of the cover plate 0.85

Thermal conductivity of the insulation 0.026 W/m-K

—a— Ambient temperature  —0— Solar radiation intensity

32 1000 _
900 £

5 800 =
S 28 1 700 >
5 600 Z
£ 26 1 500 £
£ 24 400 <
F 5 300 B
200 g

20 - T T T + 100 ]
08.00 10.00 12.00 14.00 1600 3

Time (h)

Fig. 3.9 Variation in the solar radiation and the ambient temperature.
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3.3.2 Comparison with literature

To validate the simulation model, the numerical results are compared with the simulation
results reported by Choudhury et al., 1995 for the intensity of the solar radiation I =
700 W/m?, ambient temperature T,,,, = 300 K, W = 1m, [ =2m Dicay = Dgpy = 0.03 m.
The comparison is shown in Fig. 3.10. The simulation model produces almost the same outlet

air temperature at different mass flow rates and both the predictions match very closely.

—o— Simulated  =-&--Choudhury et al. 1995

w w

Tempearture (°C)

N
ol
1

50 150 250 350 450
Mass flux of air (kg/m2-h)

Fig. 3.10 Validation of the numerical model.

The simulation results are also compared with the experimental results as shown in
Fig.3.11. It is observed that the trends of the experimental and the simulated results are almost
the same. A deviation of 10% is found between the actual and the theoretical outlet air
temperatures.

3.3.3 Parametric study of the solar air heater

Parametric study of the solar air heater is carried out to investigate the effect of the mass flow
rate of air and the length of the heater on the outlet temperature and the thermal efficiency of
the heater. So that the accurate value of the thermal efficiency and the length of the heater can
be chosen for determining the total area of the heater for this application. The variation in the
outlet air temperature and the efficiency against the length of the heater for a fixed mass flow
rate (0.012 kg/s) of air and the solar radiation intensity (632 W/m?) is plotted in Fig.3.12. It is
observed that the efficiency decreases with increase in the length. The outlet air temperature
increases linearly with increase in the length up to 2 m.
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Fig. 3.11 Actual and theoretical outlet air temperatures of the solar air heater.
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Fig. 3.12 Effect of the solar air heater length on the air outlet temperature and efficiency.

Figure 3.13 exhibits the variations in the outlet temperature for different lengths of the

heater. The maximum outlet temperature increases from 50 °C to 99 °C with increase in the

length from 1 m to 5 m at the mass flow rate of 0.012 kg/s and the solar radiation intensity of

632 W/m?. It is observed from Fig. 3.14 that the efficiency of the solar air heater increases
linearly with increase in the mass flow rate up to 0.096 kg/s. The efficiency does not improve

with increase in the mass flow rate beyond the mass flow rate of 0.5 kg/s.
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Fig. 3.13 Outlet temperatures of the heater vs lengths.
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Fig. 3.14 Effect of the mass flow rate on the efficiency of the heater.

3.4 Sizing of the Energy Storage

A shell and tube type latent heat storage unit is chosen as the thermal energy storage for the
developed drying system to reduce the fluctuation in the drying air temperature as well as
continuing the drying process for a few hours after the sunset. The desired average drying air
temperature for the solar dryer is 50 °C. The minimum melting temperature of the PCM should
be 5 to 10 °C higher than the desired temperature of the fluid (Lane, 1983). Assuming a
temperature difference of 10 °C is desired between the air and the melting temperature of the
PCM, then the melting temperature of the PCM should be around 60 °C, and the charging

temperature of the fluid should be around 70 °C. Therefore, paraffin wax of the average melting
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temperature in the range of 5860 °C is selected as the energy storage material since it is non-
toxic and easily available in the local market.

The storage unit is basically a shell and tube heat exchanger. The paraffin wax is stored
in the shell side, and the air flows inside the tubes. During the charging process of the energy
storage, the heat is transferred from the hot air through the wall of the tubes to the paraffin wax.
The heat transfer process is reversed during the discharging process. The thermal storage has
been designed based on the method proposed by Shymasundar et al. (1992) which is useful for
the preliminary design of the shell and tube latent heat storage. The thermal storage is expected
to supply air at the average temperature of 50 °C for 2 off - sunshine hours of the day. The
amount of the paraffin wax required for supplying the air at that temperature is 38 kg. The

design calculation of the storage is elaborated in Appendix (A).

3.5 Sizing of the Solar Air Heater

The total area of the solar air heater required for producing the hot air at a given temperature
can be determined if the following information is known.

¢ the total amount of heat required to be supplied,

e duration of the sunshine hours,

o efficiency of the solar heater for a given mass flow rate, and

e the average solar radiation intensity on the surface of the solar air heater.

If t is the total sunshine hours per day, Q,s4y IS the total quantity of the useful heat
gained from the solar air heater, and | is the average solar radiation intensity, and then the total
area of the solar air heater can be estimated by the following equation (Benil, 2013; Omojaro
and Aldabbagh, 2010).

QUSAH

Msan = m (3.60)

The amount of heat required for the dryer is the sum of the heat needed for producing the hot
air at 50 °C during the sunshine hours and the heat required for melting the paraffin wax of the
storage. The total amount of heat needed during t sunshine hour per day is estimated by the

equation given below

QuSAH = [macpat (Tld _Tamb ) + mpf Cpf (Tm _Tamb ) + Lpf (361)
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where 11, denotes the mass flow rate of the drying air, T;, is the average drying air temperature,
m, is the mass of PCM, and L, is the latent heat of fusion of the wax. The first part of the
right-hand side of the equation denotes the amount of the heat necessary to produce the hot air
during t sunshine hour of the day. The second part represents the amount of heat stored in the

storage unit to supply the hot air during the off - sunshine hours.

Table 3.3

Summary of the sizing of the solar air heater.
Particulars Value
Expected sunshine hour per day (h) 7
Mass flow rate of air (kg/s) 0.012
Average drying air temperature (°C) 50

Amount of heat required for supplying air at 50 °C for 7 h (MJ) | 8.6
Amount of heat required for melting 38 kg of paraffin wax (MJ) | 9.5

Total amount of heat required per day (MJ) 18
Average solar radiation intensity (W/m?) 632
Average efficiency of the solar air heater (%) 315
Total area of the air heater (m?) 4.4

The following assumptions are made in the estimation of the total energy requirement.
e The average drying air temperature is 50 °C although it changes with the change in the
solar radiation intensity throughout the day.
e The expected daily sunshine hours is 7 h.
e The paraffin wax melts completely during the charging process.
e Itis observed that the efficiency of the two - pass solar air heater of the length of 2 to 3
m is in the range of 28-35% at the mass flow rate of 0.012 kg/s. Therefore, an average
value of 31.5% is assumed as the SAH efficiency.
e The average melting temperature of the paraffin wax is 58 °C.
e Average solar radiation intensity is 632 W/m? in a good sunshine day.
Applying Eq. (3.61), form, = 0.012kg/st = 7 h, T;g = 50 °C, Tymp = 25°C, my,p =
38kg Ty, = 58°C L, s = 189 kl/kg, C,,r = 2.384 kJ/kg-K, the amount of heat estimated to be

supplied by the solar air heater in a good sunshine day is 18 MJ.
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Applying Eqg. (3.60), and taking the average solar radiation intensity | = 632 W/m?,
and nsay = 31.5%, the area of the solar air heater required for supplying 18 MJ of heat is 4.4
m2. The summary of the sizing of the solar air heater is given in Table 3.3.

It is to be noted that the total of energy required (during the entire drying period) for
removing the moisture present in 10 kg of product is estimated as 23.6 MJ which is the energy
required to remove 8.7 kg of moisture from the product. However, the collector has been sized
for supplying energy for heating the ambient air from 25 °C to 50 °C for 7 h and also to supply
the energy required for the complete melting of 38 kg of paraffin wax during 7 h sunshine hour
operation of the dryer. Therefore, the air-heaters have been sized to supply 18 MJ heat on each
day, considering a minimum drying period of 42 h (7 h per day). The total energy supplied for
the whole drying period is 108 MJ (required useful heat gain of the solar air heater) which is
the energy supplied to the storage and the drying chamber. The total energy input to the drying
system (considering 31.5% thermal efficiency of the solar air heater) is 342.85 MJ.

3.6 Sizing of the Drying Chamber

Numerous types of the dryer are available for the food industry. They may be classified on the
basis of

e operation: batch and continuous types,

e heating method: convection (air and steam), conduction (contact), and radiation

(infrared and microwave),

e physical state of the drying materials: solid, liquid, and paste,
e movement of the material: static and moving fluidized, and
e pressure of operation: atmosphere and vacuum pressure.

The commonly used dryer in the solar drying system is the batch - type static convective
dryer. The cabinet and the tunnel dryers are the examples of such type of dryers. They are
inexpensive and easy to construct with the locally available materials. It consists of a closed
compartment and drying trays. The drying trays containing the materials to be dried are placed
inside the compartment. The hot air is then supplied by a blower or fan to remove the moisture
from the product.

The type of dryer chosen for this drying system is a semi - continuous type tunnel dryer.
It is basically a horizontal rectangular shape drying chamber. The drying trays can be put into
the drying chamber at one end and can be removed from the other end. The hot air flows parallel

to the layers of the product.
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The design calculations in sizing of the drying chamber include the estimation of the
number of drying trays and overall size of the drying chamber. The number of trays can be
obtained by knowing the total area of the drying bed and the size of the drying trays. The basic
information required for the calculations are

e mass of the product to be dried,

e Dbulk density of the product,

e Dbed porosity, and

e thickness of the drying bed.
The area of the drying bed can be estimated if the bulk density and the thickness of the product
to be dried and the porosity are known. The following equation is employed to find out the
drying bed area neglecting the loading void fraction.

m

=—7F 3.62
Aﬁ thppé/ ( )

where m,, is the mass of the product, x,; is the drying bed thickness, p,, is the bulk density of
the product, and £ is the porosity of the bed.

The mass of chilli to be dried, m,, = 10 kg, p, = 308.8 kg/m? (Hossain and Bala, 1999), x4, =
20 mm and ¢ = 50%, then the total area of the drying bed is 3.23 m?.
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Fig. 3.15 Dimensions of the drying chamber (not in scale).

The length of the tray is 0.6 m and the width is 0.8 m, the number of trays required is

approximately 6. The trays are arranged in two stages, each stage consists of 3 nos. of trays.
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Total height required for each stage = (no of gaps x distance between two successive trays) +
(no of trays x height of each tray).

The number of gaps = 1, the distance between two successive trays = 0.15 m, the height
of each tray = 0.05 m then the total height of the tray loading section is 0.25 m as shown in Fig.
3.15.

Height of the drying chamber = (total height of the tray loading portion + height above
the top tray + height of bottom tray from the walls of the dryer).

The distance of the bottom and top trays from the dryer inner surface is the same and is
equal to 75 mm, then the height of the drying chamber is 0.4 m. Therefore, the size of the
drying tunnel is taken as (2 m x 0.85 m x 0.4 m). The summary of the sizing of the drying

chamber is given in Table 3.4.

Table 3.4
Summary of the drying chamber sizing.
Particulars Value
Mass of the agricultural product to be dried (kg) 10
Total area of the drying bed (m?) 3.2
Size of the drying trays 0.8mx0.6mx0.05m
Distance between two stages (m) 0.15
Distance between the tray and wall of the drying chamber (mm) | 75
Overall size of the drying chamber 1.8mx0.85m x0.4m
3.7 Summary

The mass flow of air and the energy requirements depend on the quantity and the moisture
content of the product to be dried. For drying 10 kg of chilli from the initial moisture content
of 88% (w.b.) to the final moisture content of 9% (w.b.) in 42 h, 23.6 MJ of energy is required.
This amount of energy is expected to be supplied by 1763 kg of air at an average temperature
of 50 °C. Thermal analysis of a double - pass solar air heater is carried out to select the
efficiency and the size of the solar air heater for the expected operating conditions of the dryer.

The size of the solar air heater panel (4.4 m?) is estimated from the energy requirement for
the drying purpose as well as for the storage. The amount of the thermal storage material (38
kg of paraffin wax) is calculated from the amount heat to be supplied for a given period at a
given mass flow rate. The size of the drying chamber is calculated from the amount of the
product and the bed thickness of the product to be dried. The area of the drying bed is 3.23 m?.
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Chapter - 4

Fabrication and Detailed Instrumentation of the
Solar Dryer

4.1 Working Principle of the Solar Dryer

The developed solar dryer consists of a solar air heater panel, a shell and tube paraffin wax-
based latent heat storage module, a tunnel dryer, and a blower. The schematic diagram of the
dryer is shown in Fig. 4.1 (a) and its pictorial view is depicted in Fig. 4.1 (b). Solar energy is
the main source of energy of the drying system. It is harvested by employing a solar air heater
panel. In this drying system, two double - pass solar air heaters are connected in series to get
the desired drying air temperature. Air at the ambient temperature is first passed through the
first solar air heater (SAH - 1) where it is heated up by trapping the solar energy incident on its
surface. The air exiting from the SAH - 1 is passed through the second solar air heater (SAH -
2) where it is heated up further. Then, it comes out of the SAH - 2 and passes through the tubes
of the shell and tube based energy storage module located between the air heater panel and the
drying chamber. The energy storage has nine tubes which are enclosed by a shell. The space
between the tubes and the shell can be filled with the heat storage material. During the charging
period, when the temperature of the air coming out of the air heater is higher than the
temperature of the storage material, the heat is transferred from the air to the storage material.
During the discharging period, when the temperature of the air coming out of the solar air
heater is lower than the temperature of the storage material, the accumulated thermal energy is
released from the storage material resulting in increase in the temperature of the air. The blower
located between the thermal energy storage and the drying chamber draws air through the air
heaters and the tubes of the storage and eventually, supplies it to the drying chamber.

Six trays are arranged in two stages in the drying chamber. Each stage has three trays.
The trays can be loaded from one end of the drying chamber and unloaded through another
door provided near the other end. The hot air flows over and under the products layer on the
drying trays and escapes to the atmosphere after removing the moisture from the surface of the

products.
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1. Drying chamber; 2. Shell and tube heat exchanger for the thermal energy storage; 3. Solar air
heater (SAH); 4. Air blower; 5. Ball valve; 6. Pyranometer; 7. Thermocouple (TC); 8. Flow

Air inlet
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meter; 9. Energy meter; 10. Data acquisition system

=
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Solar air heater [#

Drying chamber
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Fig. 4.1 (a) Schematic layout diagram of the solar dryer. (b) Pictorial view of the solar dryer.

TH-1610_13613022

(b)

84




Chapter - 4 Fabrication and Detailed Instrumentation of the Solar Dryer

4.2 Fabrication of the Components

The materials used for the construction of the components of the dryer were purchased from
the local markets. The components were fabricated in the Institute’s workshop and assembled

and commissioned on a roof top of the institute’s building.

4.2.1 Fabrication of the solar air heater

The solar air heater chosen for the drying system is two - pass or double pass type. The basic
components of this type of air heater are absorber plate, cover plate or glaze, base plate, and
wooden box. Initially, a rectangular wooden box of size 2.04 m x 1.04 m were constructed
from 20 mm thick Goomer teak. A plywood sheet of size 2.04 m x 1.04 m and thickness of 6
mm was fitted into the box and then polyurethane foam insulation of thickness 25 mm was
placed above the plywood. To reduce the re - radiation loss, a base plate of aluminium of
thickness 0.2 mm was fitted above the insulation. A 0.85 mm galvanised iron sheet painted
black was used as the absorber plate and fitted at a gap of 40 mm from the base plate. The glaze
or the cover plate was a plastic sheet of thickness 4 mm and size 2.04 m x 1.04 m and fitted on
the other side (the top) of the box. To circulate air inside the air heater, two circular inlets of
63.5 mm in diameter and one exit 101mm in diameter were provided at one end and bottom of
the box, respectively. The air first flows through the passage formed by the absorber and cover
plates and then passes under the absorber plate. Three rectangular ducts of size 0.2 m x 0.05 m
were provided on the absorber plate opposite to the inlet for circulating the air from the upper
channel to the lower channel. The CAD view of the heater is shown in Fig. 4.2. The front view,
side view, and top view are shown in Fig. 4.3. Two heaters were oriented towards the South at

the local latitude of 26.18°, Guwahati, Assam and connected in series.

Fig. 4.2 CAD view of the solar air heater.
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Fig. 4.3 Front view, top view, and side view of the solar air heater.

Fig. 4.4 CAD view of the drying chamber. Fig. 4.5 CAD view of the plenum chamber.

4.2.2 Fabrication of the drying chamber

The drying chamber is basically a rectangular box of size 2 m x 0.85 m x 0.4 m as shown in
Fig. 4.6. The CAD view of the drying chamber is shown in Fig. 4.4. Mild steel sheets of
thickness 1.2 m were welded to fabricate the drying chamber. The walls of the drying chamber
were insulated with polyurethane foam of thickness 25 mm and then covered with thin Gl sheet.
Two lines of L - shaped mild steel plate of size 25 mm x 30 mm were welded to the vertical
walls of the box to support the drying trays. One end of the box is used as the door for putting
the drying trays into the drying chamber. A plenum chamber (Fig. 4.5) of size 0.6 m x 0.85 m
x 0.3 m is bolted to the other end of the box for distributing the air uniformly. Another door is
provided on a vertical side wall of the box near the plenum chamber for unloading the trays.
Six trays of size 0.8 m x 0.6 m x 0.025 m can be arranged in the drying chamber in two stages,

each with 3 trays. The gap between the two stages is 0.15 m. The trays are made of wooden
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frame and aluminium mesh. It can be glided horizontally from the air outlet of the drying

chamber or tray loading door to the unloading door in the direction opposite to the air flow.
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Fig. 4.6 Front view, top view, side view and isometric view of the drying chamber.

Fig. 4.7 CAD view of the shell and tube energy storage.

4.2.3 Fabrication of the shell and tube energy storage

The energy storage module is basically a shell and tube heat exchanger. It consists of 9 stainless
steel tubes of 25.4 mm in diameter and 2 m in length, and the tubes are enclosed by a shell of
diameter 0.18 m. The arrangement of the tubes is shown in Fig. 4.8 and the CAD view is
depicted in Fig.4.7. One tube is placed along the axis of the shell, and the remaining eight tubes
are arranged in a pitch circle of diameter 0.11 m at an equal distance. The shell was made of
mild steel sheet of the thickness of 2.5 mm in a rolling machine. Two flanges or headers of the
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equal size with 9 holes of 26 mm in diameter were welded to the both ends of the shell, and the
tubes were then inserted through the holes and welded to the flanges. Another two short shells
of 0.3 m in length and 0.18 m in diameter were welded to the both ends of the main shell to
distribute the air. The shell side is insulated with polyurethane foam of thickness 25 mm to

reduce wall heat losses.
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Fig. 4.8 Front view, left view, and sectional view of the energy storage.
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Fig. 4.9 Positions of the thermocouples in the energy storage (Not in scale).

Six thermocouples (TC) are provided in the storage to measure the temperature of
storage material at different locations. The thermocouples TC -1, TC - 2, and TC - 3 are located
near the inlet of the storage unit, and the thermocouples TC - 4, TC - 5 and TC - 6 are located
near the outlet of the storage as illustrated in Fig. 4.9.
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4.2.4 Blower

A blower of the capacity of 0.417 kW (0.56 HP) was placed between the thermal energy storage

and the drying chamber to circulate the air in the drying system.

The detailed of the materials used in the fabrication and the specification of the main

components of the dryer are given in the table below.

Table 4.1

Materials and specification of the different components.

Main Components | Materials Specification
components
Absorber Galvanised (Gl) Size (1 m x 2 m) , thickness ( 0.85 mm)
sheet
Solar air Glaze Plastic sheet Size (1.04 m x 2.04 m), thickness (4
heater mm)
Base plate Aluminium Size (1 m x 2 m), thickness (0.2 mm)
Insulation Polyurethane foam Thickness (25 mm)
Box Wood and plywood | Thickness (20 mm) and (6 mm)
Drying Wall Mild steel sheet thickness (1.2 mm)
chamber -
Tray Wood and GI mesh | Size (0.8 m x 0.6 m)
Insulation Polyurethane foam Thickness (25 mm)
Shell and Shell Mild steel IT(;rrlllctI;]n(ezssm()Z.S mm), diameter (0.18 m),
tube energy g
storage unit | Pipe Stainless steel Diameter (25.4 mm), length (2 m)
Insulation Polyurethane foam Thickness (25 mm)

Blower

0.56 HP (0.417 kW)

4. 3 Measuring Equipment

The dryer was installed on a roof top of the institute’s building. The instruments necessary for

the measurement of the operating parameters were connected to the drying system. The

following equipment were used in the drying system for the measurement of the solar radiation,

temperature, humidity, mass flow rate, mass loss of the product, and the velocity.

(i) Pyranometer: One of the important measuring equipment is the pyranometer. It is used for

the measurement of the solar radiation intensity incident on the surface of the air heater panel.

The pyranometer was mounted on the solar air heater. A pyranometer of the Make: Apogee;
Model: SP - 101; Calibration factor: 5 W/m? per mV; Non - linearity: <1 % (up to 1750 W/m?)

was used to measure the solar radiation intensity (Fig. 4.10).
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Fig. 4.10 Pyranometer. Fig. 4.11 T - type thermocouple.

(if) Thermocouples: T - type thermocouples (Fig. 4.11) with accuracy + 0.2 °C were used to
measure the temperature at different locations of the drying system. The thermocouple wires

were calibrated in constant temperature bath before installing in the drying system.

Fig. 4.12 Hot wire anemometer. Fig. 4.13 Electronic weighing balance.

(iii) Hot wire anemometer: The velocity of air inside the drying chamber was measured with
a hot wire anemometer (Make: TESTO; Reading accuracy + 0.01 m/s; Measuring range 0 - 25
m/s) (Fig. 4.12).

(iv) Electronic weighing balance: The loss of mass of the agricultural product was measured
with a digital weighing balance (Make: K. Roy: Model: DJ 602A, Reading accuracy: 0.01 g,
Measuring range: 0-600 g) (Fig. 4.13).
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(v) Power meter: The power consumed by the blower was measured with a power meter
(Make: MECO meters Pvt. Ltd; Model: PG09/PG0O9H, accuracy + 1 W) (Fig. 4.14).

POWLRGLARD

FOBH @ O¥ O Vol
AermGTE— v~

o

R S T ®

Fig. 4.14 Power meter. Fig. 4.15 U - tube differential manometer.

(vi) Orifice meter: An orifice meter was designed and fabricated for the measurement of the
flow rate of air. It was placed at the inlet of the first air heater. The pressure drop across the
orifice plate of the meter was measured with a U - tube differential manometer (Make: Bombay
Instrument Ltd. Measuring range 150-0-150) (Fig.4.15). The specification of the orifice meter

is given in Table 4.2 and the schematic of orifice meter is shown in Fig. 4.16.

Upstream tap Downstream tap
5 D D2

Orifice plate [y

Fig. 4.16 Schematic of the orifice meter.
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Table 4.2

Specifications of the orifice meter.

Diameter of pipe (D)
Diameter of the orifice(d)

d

5=5
Position of the upstream tapping

Position of the downstream tapping

Coefficient of discharge

101 mm
60.6 mm
0.6

D/2
0.63

4.4 Summary

The various components of the developed dryer were fabricated from the locally available

materials such as wood, mild steel, polyurethane foam, plastic, and plywood. Two double pass

solar air heaters of the gross size of 2.04 m x 1.04 m, a shell and tube heat exchanger of the

shell diameter of 0.18 m, and 2.6 m in length with 9 tubes of diameter 25.4 mm, and a

rectangular drying chamber of the size of 2 m x 0.85 m x 0.4 m were assembled together to

develop the dryer.
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Chapter -5

Thin Layer Drying Kinetics Analysis of Ghost Chilli

5.1 Thin Layer Drying Kinetics

Drying is a complex process involving unsteady simultaneous heat and mass transfer. It is a
least understood process in the microscopic level because of the deficiencies in the
mathematical description (Erbay and Icier, 2009). Drying kinetics of materials may be
described by their transport properties and those of the drying medium. The various transport
properties which control the drying kinetics of food and agricultural materials are thermal and
moisture diffusivities, thermal conductivity, and heat and mass transfer coefficients at the
interface (Togrul and Pehlivan, 2002).

The drying processes of food and agricultural products are modelled from the
distributed models and the lumped parameter models. The distributed models take into account
both the internal and external heat and mass transfers and depend on the Luikov equations
(Erbay and Icier, 2009). These models can determine the moisture and the temperature
gradients in the product. In the lumped parameter model, the product temperature is assumed
to be uniform. Most lumped parameter model equations are derived from the distributed model
with simplified assumptions (Jayas et al, 1991).

The thin layer drying [drying of a single layer of particles or slices (Akpinar, 2006)],
equations provide a proper understanding of the drying kinetics of food and agricultural
products. They are categorised as theoretical, semi - theoretical, and empirical equations
(Midilli and Kucuk, 2003a). The theoretical equations take into account the internal resistance
to moisture transfer and are derived from the Fick’s second law of diffusion. The semi -
theoretical and empirical equations consider only the external resistance to moisture transfer
between the product and the drying air. The semi - theoretical models are derived from Fick’s
second law of diffusion and the modification of its simplified form. The empirical models are
derived from the experimental data and the dimensional analysis. The moisture ratio is directly
correlated with the drying - time in the empirical models (Babalis et al., 2006).
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Table 5.1
Commonly used semi - empirical and empirical thin layer drying Models.
Model Model Equation Ref.
Semi-empirical models
(a) Models derived from Newton’s law of cooling
Lewis (Newton) MR = exp(—kt) Lewis (1921)
Page MR =exp(—kt") Yaldy and Erteky (2001)
Modified Page - 1 MR = exp(—kt)" Overhults et al. (1973)

Modified Page - 2
Modified Page - 2

MR = exp— (kt)"

MR =exp—k (Ilz)

(b)Models derived from Fick’s second law of diffusion

Henderson and Pabis (Single term)

Logarithmic

Midilli-Kucuk
Demir et al.

Two-term

Two-term exponential

Modified two-term exponential

(Vermaetal.)

Diffusion approach model or

approximation of diffusion

Modified Henderson and Pabis

model (Three term exponential )

Empirical models

Thompson
Wang and Singh

Kalemullah

MR = aexp(—kt)
MR = aexp(—kt)+c

MR = aexp(—kt") +b't
MR =aexp[(-kt)]" +b
MR =aexp(—k,t)
+bexp(—k,t)

MR = aexp(—kt)
+(1—a)exp(—kat)

MR = aexp(—kt) +
(1-a)exp(-g,t)

MR = aexp(—kt) +
(1—a) exp(—kbt)

MR = aexp(—kt) +bexp(-g,t)
+cexp(=h,t)

t =aln(MR) +b[In(MR)J?
MR=1+bt+a't®
MR = exp(—c'T) + bt

White et al., (1981)

Diamante and Munro
(1993)

Henderson (1974)

Chandra and Singh
(1995)
Midilli et al.(2002)

Demir et al. (2007)

Henderson and Pabis
(1961)

Sharaf - Eldeen et al.
(1980)

Verma et al. (1985)

Akpinar et al. (2003)

Karathanos (1999)

Thompson et al. (1968)
Wang and Singh (1978)
Kaleemullah (2002)
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The thin layer drying equations are easy to use in the modelling of the solar dryers due
to less complexity and the requirement of less data, unlike the distributed model. The drying
constant of the thin layer drying equation combines all the transport properties and describes
the drying phenomenon in a unified way. The detailed review of the thin layer drying equations
were undertaken by Erbay and Icier, 2009 and Kucuk et al., 2014. The commonly used thin
layers drying equations are listed in Table 5.1.

Development of an appropriate model of a particular product is significant for designing
a new drying system or improving an existing dryer and identifying the optimum operating
parameters for precise prediction of the simultaneous heat and mass transfer phenomenon in
the drying process (Kucuk et al., 2014). Drying systems need to be designed properly to meet
the desired operating parameters of a particular product and to get the satisfactory performance
in view of the energy requirements and quality of the product (Chavan et al., 2008). The drying
air velocity, temperature, relative humidity, and size of the material affect the kinetics of the
drying process and model parameters (Rajkumar et al., 2007). Full-scale experimental
investigation of the dryer of different configurations under diverse conditions is a costly affair
and time-consuming. Therefore, modelling of the drying process of a specific product under
the given drying conditions and the simulation model of the dryer are necessary for predicting
the performance of dryer.

A thin layer model of the drying process of a particular product can be developed by
the experimental method. In the thin layer drying experiment, air at the constant flow rate,
temperature, and relative humidity is supplied through a thin layer of food or agricultural
product. The mass of the product is measured at a regular interval of time until the equilibrium
moisture content is reached. Then the moisture content of the product is calculated at a regular
interval of time. The moisture content at any given time on wet basis can be evaluated by
applying Eq. (5.1) (Ekechukwu, 1999). Then MR vs time curve is plotted. The MR at constant
relative humidity is obtained by Eq. (5.2). However, when the relative humidity of the drying
air fluctuates, the MR is obtained by the Eqg. (5.3) (El - Sebaii and Shalaby, 2013).

1| £ 61
tp
M,-M
R :W (5.2)
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MR =—t (5.3)

where M, is the moisture content at a given time (w.b.), m;, is the initial mass of the product,
myy, is the mass of product at a given time, M; is the initial moisture content (w.b.), and M, is
the equilibrium moisture content (w.b.).

The regression analysis is carried out with different thin layer drying models to find out
the models constants and the coefficients. The goodness of fit is judged by calculating statistical
parameters such as coefficient of determination (R?), reduced chi - square (x2), root mean square
error (RMSE), and mean relative deviation modulus. The widely used statistical parameters
are R?,x? and RMSE. The best model is chosen based on the criteria of the highest value of R?
and the lowest values of x? and RMSE. The values of the R?, x? and RMSE are calculated
applying Egs. (5.4)-(5.6) (Goyal et al., 2007; Shi et al., 2013; Sharma et al., 2005, Koukouch
et al., 2015; Aghbashlo et al., 2009).

N
R2 —1— Zizl(MRpr,i - NIRex,i)2

s (5.4)
Zizl(MRpr - MRex,i)
N
" (MR, —MR_.)?
o 2 o i) (5.5)
al 2
RMSE = \/Nzi,\il(MRex,i ~MR,,;) (5.6)

Effective moisture diffusivity is an important factor which combines various diffusion
process in solids such as the molecular diffusion, capillary flow, Knudsen flow, hydrodynamic
flow and surface diffusion. It indicates the flow of moisture in the material. The effective
moisture diffusivity can be calculated from Eq. (5.7) by the method of slopes (Vega et al.,
2007).

(5.7)

Where Det is the effective moisture diffusivity, Ls is the length of the product thickness and t
is the drying time. In the method of slop, a curve is plotted between In (MR) and t. The slope
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2
S

. . . 72’-Zl)eff
of the curve gives the rate constant k which is equal to m .

Experimental investigation and mathematical modelling of the thin layer drying
kinetics of different types of pepper were carried out in a variety of solar dryers. Condri et al.
(2001), Hossain and Bala (2007), Janjai et al. (2008), Leon and Kumar (2008), Akpinar and
Bicer (2008), Banout et al. (2011), Akintunde (2011), Kaewkiew et al. (2012) dried sweet
pepper and garlic (forced convection - type greenhouse tunnel dryer), blanched and un -
blanched red hot and green chilli (mixed - mode - type solar tunnel dryer), chilli and Rosella
flower (roof integrated solar dryer), chilli (hybrid solar dryer with energy storage and biomass
heater), long green pepper (forced convection solar dryer and under the open sun), red chilli
(double pass - type solar dryer), pre - treated and untreated chilli pepper (solar dryer and the
open sun), chilli (large size parabolic shape greenhouse dryer), red chilli (solar dryer integrated
with double pass - type solar air heater with finned absorber and auxiliary heater), and red
pepper and grape (mixed - mode - type greenhouse solar dryer), respectively.

It is observed that the kinetics study of the drying process of the Ghost chilli dried in a
solar dryer or any type of dryer and under the open sun is not reported in the literature.
Therefore, the developed dryer without any storage is initially tested by drying Ghost chilli to
study its thin layer drying kinetics and to identify a suitable thin layer drying model describing
the drying process of this chilli.

5.2 Ghost Chilli (Capsicum Chinense Jacq.)

The North - Eastern Region of India produces wide varieties of chilli such as Ghost chilli and
bird’s eye chilli (Dubey et al., 2015). The Ghost chilli (Capsicum Chinense Jacq.) (Fig. 5.1)
also locally known as the Bhut Jolokia or Naga Jolokia, is one of the hottest chillies in the
world and has a very high heat level of 855,000 Scoville heat units (SHU). It was rated as the
world’s hottest chilli in the Guinness Books of World Records in 2007 (Mathur et al., 2000).
The size of the Ghost chilli varies from 60 mm to 85 mm in length and 20 mm to 30 mm in
width with different colours such as red, yellow, and orange. The fruit size is conical with
smooth or rough surface and its weight varies from 6.9 g to 8.97 g.

The Ghost chilli is used either raw or dry as spice or pickles, and generally, it is dried
in the open sun or smoke dried for preservation. It is also used for developing chilli grenade by
Defence Research and Development Organisation (DRDO) of India (en.wikipedia.org). The

skin of this chilli is very thin, and the fully ripe Ghost chilli is easily perishable. Therefore, it
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has to be consumed within a few days of harvest. The climatic condition of the NER is
characterized by frequent rain fall, high humidity, low annual average solar radiation, and long
rainy days. The harvesting time of the Ghost chilli coincides with the rainy season of the NER
from May to October. Drying process has to be speeded up to avoid spoilage of the chilli.
Therefore, this product should be dried in the solar dryer instead of drying in the open sun. In
view of the above, identification of a suitable drying model is necessary for designing and

developing a suitable solar dryer.

lef

Fig. 5.1 Photos of Ghost chilli with plant.

5.3 Experimental Procedure

Freshly harvested fully ripe Ghost chilli was purchased from the local market and checked to
discard the spoiled ones. Nine kg of the chilli were weighed and placed on the drying trays of
the drying chamber. A sample of 200 g was taken in a small tray to measure the moisture
removal rate and placed in the first stage of the trays. Another sample of 200 g was placed
outside in the open sun. The drying experiment was carried out every day for 8 h starting from
8:00 h to 16:00 h. After the experiment (at the end of the day), the samples were kept in the
airtight containers. During the experiment, the temperature of air at different locations of the
drying system, relative humidity of the ambient air and the hot air at the inlet and outlet of the
drying chamber, mass flow rate and velocity of the air at the inlet of the drying chamber, and
the intensity of solar radiation were measured. The loss of the mass of the chilli sample was
measured at 1 h interval using the digital balance. The relative humidity of the drying air was
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estimated from the psychrometric chart using the wet bulb and dry bulb temperatures. The
velocity of air near the first stage of the drying trays was measured using the hot wire velocity
meter. The orifice meter was used to measure the mass flow rate of air. The thermocouples and
the pyranometer were connected to a data acquisition system to record the temperature of the
air at different locations and the solar radiation intensity, respectively at a regular interval of
time (10 sec). The initial and final moisture contents were determined by the oven method also
known as the gravimetric method. In this method, the sample of the product is placed in a hot
air oven under standard drying conditions 105 £ 2 °C until a steady mass is obtained. The final

mass is known as the bone-dry mass (Keey, 2001).

5.4 Drying Analysis

The moisture content of the chilli at different times during the drying period was calculated by
employing Eq. (5.1). The relative humidity of the drying air fluctuated continuously during the
experiment due to change in the drying air temperature and the solar radiation intensity.
Therefore, the MR was estimated employing Eq. (5.3). The MR obtained from the experimental
results was plotted with time, and the non - linear curve fitting was performed in the Microsoft
Excel with the selected models. Eleven thin layer drying models given in Table 5.1 were tested
to identify the most suitable drying model. The coefficient of determination, reduced chi -
sguare, root mean square error and model constants were determined by employing Egs. (5.4)—
(5.6). The best model was chosen based on the criteria of the highest value of R? and the lowest
values of x? and RMSE.

5.5 Results and Discussions

The drying experiment was carried out consecutively for five days from 29" September 2015
to 3@ October 2015. During the experiment, the ambient air temperature and the relative
humidity were found to vary from 29 °C to 37 °C and 57.4% to 85.5%, respectively. The
average velocity of air near the first stage of the drying trays measured with the anemometer
was found to be 1.7 m/s, and the corresponding mass flow rate was found to be 0.02 kg/s. The
drying air temperature was in the range of 44—66 °C with an average of 57 °C. The variation in
the solar radiation intensity and the ambient temperature recorded for five consecutive days
during the experiment is shown in Fig. 5.2. The intensity of the solar radiation varied between
166 W/m? and 1011 W/m? with an average of 641 W/m?. The solar radiation was found to be

fluctuating in the third and the fourth days of the experiment due to the sudden appearance of
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clouds in the sky. The maximum solar radiation intensity was recorded at around 11:30 h of

the day.
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Fig. 5.2 Variation in the solar radiation and the ambient temperature for five consecutive days.
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Fig. 5.3 Variation in the air temperature at different locations of the drying system.

The variation in the air temperature with time at different locations of the dryer is shown
in Fig. 5.3. The maximum temperature of the air coming out of the solar air heater was found
to be 75 °C during the peak sunshine hour. It was observed that the temperature of the air at
the inlet of the drying chamber was not same as the temperature of the air coming out of the

air heater. This was due to the heat losses in the connecting ducts between the air heater and
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the drying chamber. Between 14:30 h and 16:00 h, the temperature of the air at the inlet of the
drying chamber was found to be slightly higher than the temperature of the air coming out of
the air heater. This was mainly due to the accumulation of the sensible heat in the shell and
tube material of the heat exchanger. When the temperature of the air leaving from the air heater
became low due to the low solar radiation intensity, the sensible heat of the shell and tube
material was utilized for heating the air.

The variation in the relative humidity of the air entering and leaving the drying chamber
and the ambient air with time is shown in Fig. 5.4. The relative humidity was recorded low
between 11:00 h and 14:00 h when the intensity of the solar radiation and the ambient

temperature were high.
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Fig. 5.4 Variation in the relative humidity (RH) of the ambient air and the air at the inlet and
outlet of the drying chamber.

The change in the moisture content of the chilli sample with the drying time is shown
in Fig. 5.5. The interruption in the curve represents the night periods of the drying operation
from 16:00 h to the next day 8:00 h. The moisture content of the chilli sample was reduced to
0.12 g of water /g of dry matter (d.b.) from its initial moisture content of 5.9 g of water /g of
dry matter (d.b.) in 123 h in the solar dryer, while it was achieved in 193 h in the open sun
drying including the night period. The open sun drying took more time to reach the final
moisture content due to the slow drying rate. It is observed from the moisture content vs. time
curve that the drying process of the Ghost chilli occurs only in the falling rate period, and the
constant rate period is completely absent in the drying period. Therefore, diffusion is a

predominant phenomenon in the drying process of the Ghost chilli.
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Fig. 5.6 Drying rate vs drying time.

The change in the drying rate with the drying time is shown in Fig. 5.6. It is observed
that the drying rate of the Ghost chilli dried in the solar dryer is faster than that of the open sun
drying, and it decreases continuously with the progress of the drying time. The drying rate was
found to be fluctuating both in the solar drying and the open sun drying, which was mainly
caused by the variation in the solar radiation and the corresponding changes in the air
temperature. During summer, the solar radiation changes frequently in the NER of India due
to the clouds in the sky. The maximum drying rate was visible during the peak sunshine hour

of the day when the solar radiation intensity and the drying air temperature were maximum.
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The drying rate of the chilli dried in the solar dryer was faster than that of the open sun drying
till the first 55 h of the drying period, and afterwards, the drying rate became low due to the

low moisture content in the chilli compared to the sun dried one.
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Fig. 5.7 MR vs drying time.

The experimental MR data plotted with the drying time is shown in Fig. 5.7. The MR
vs the drying time curve is required for performing the non - linear regression analysis for
identifying the best drying model. The thin layer drying models, given in Table. 5.1 were fitted
into the experimental MR vs drying time curve by the non - linear regression analysis. The
results of the regression analysis are given in Tables 5.2 and 5.3 for the open sun drying and
the solar dryer drying, respectively. The fitness of the model’s equations was evaluated based
on values of the coefficient of determination (R?), reduced chi - square (x2), and the root mean
square error (RMSE). The model having the highest value of R?, and the lowest values of
x2 and RMSE was selected as the best model to represent the drying process of the Ghost chilli.
It was found from the regression analysis of the MR data of the open sun drying of the Ghost
chilli that the Page and the Modified Page models yielded the highest value of R? and the
lowest values of x2? and RMSE, and the values were same for both the models except the model
constants. The values were R? = 0.9971, x? = 0.00029, and RMSE = 0.01665. For the thin
layer solar drying process, the Midilli and Kucuk model gives the highest value of R? and the
lowest value of x2 and RMSE. They were R? = 0.99696, x? = 0.0003, and RMSE =
0.01687. The values of the coefficients and constants of the best models are highlighted with
bold colour. Therefore, the Page and the modified Page models were considered as the most
appropriate models for representing the thin layer open sun drying process of the Ghost chilli

while for the solar drying the most appropriate model was the Midilli and Kucuk model.
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Therefore, the best models for the sun drying process of the Ghost chilli are expressed as

follows.

The Page model can be expressed as MR = exp{—0.00396(t)"****}

The modified Page model is given by MR = exp{—(0.02941t)1-56823}

Similarly, for the solar drying the best model (Midilli and Kucuk model) is given by

(5.8)

(5.9)

MR =1.00206 exp(—0.02046t****'*) —0.00360t (5.10)
Table 5.2
Fitting statistics of the various thin layer models of the open sun drying of Ghost chilli.
Model name Coefficients and constants R? x? RMSE
Newton k =0.03004 0.94103 0.00589 | 0.07628
Page k = 0.00396; n = 1.56825 0.99719 0.00029 | 0.01665
Modified page model | k =0.02941; n = 1.56823 0.99719 0.00029 | 0.01665
Henderson and Pabis | k =0.04811; a = 1.089246 0.96295 0.00382 | 0.06050
Modified Henderson | a =7.69866; k = 0.06131,
and Pabis b =-2.41837; go = 0.07194 | 0.99488 0.00055 | 0.02248
¢ =-4.33077; ho = 0.07104
Logarithmic a = 1.55082; k = 0.01657
0.99266 0.00076 | 0.02691
c =-0.49346
Two - term a=0.97379; ko = 0.03427
0.96295 0.00387 | 0.06050
b =0.16444; k1 = 0.03428
Two - term a =2.02287; k = 0.04805 0.99171 0.00084 | 0.02861
exponential
Wang and Singh a’=-0.02121; b* = 0.00010 | 0.99147 0.00087 | 0.02901
Diffusion a =3.1089; b = 0.40796,
0.98965 0.00106 | 0.03195
k =0.00960
Midilli and Kucuk a=1.13081; b= -0.00933
0.98031 0.00206 | 0.04407
k =0.08239; n = 0.47526

It is observed from the drying kinetics of the Ghost chilli and the studies of the other

researchers on the drying kinetics of different chillies (Table 5.4) that mainly the Page,
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Logarithmic, and the Midilli and Kucuk models are the most suitable models that represent the
thin layer kinetics of the drying process of different chilli peppers dried in different types of

dryers under various drying conditions.

Table 5.3

Fitting statistics of the various thin layer models of the forced convection solar drying of Ghost

chilli.
Model name Coefficients and constants R? X2 RMSE
Newton k = 0.04962 0.98327 | 0.00453 | 0.06653
Page

k =0.01300; n = 1.43655 0.99171 | 0.00081 0.02788
Modified Page model | k = 0.04865; n = 1.43656 0.99171 | 0.00081 0.02788
Henderson and Pabis | a = 1.10964; k = 0.05528 0.96795 | 0.00315 0.05483
Modified Henderson | a = 1.85137; k =0.07488,

and Pabis b =-0.20292; go =0.20702
¢ =-0.67557; ho =0.14471

0.98770 | 0.00134 0.03396

Logarithmic a=1.51688; k =0.033169
c= —0.53589 0.99642 | 0.00036 0.01833
Two - term a =1.0669; ko =0.05528

b= 0.04207; k = 0.05528 0.96795 | 0.00331 0.05483

Two - term a=1.93272; k=0.07583
exponential 0.98799 | 0.00118 0.03355

Wang and Singh a’=-0.03505; b"=0.00027 | 0.99629 | 0.00036 0.01864
Diffusion a=-0.51790; k=-0.00278
b =8.28112

Midilli and Kucuk | a =1.00206; k = 0.02046,

n =1.20216; b = -0.00360

0.99530 | 0.00259 0.04840

0.99696 | 0.00031 0.01687
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Table 5.4
Studies performed on the thin layer drying process of different peppers.
Type of Dryer Drying conditions Drying Ref.
pepper models/function
Green Forced convection | T = 43.9 — 64.8°C | Logarithmic (solar Akpinar and
sweet solar dryer and | v =not available drying) and Midilli | Bicer (2008)
pepper open sun drying and Kucuk (sun
drying)

Red chilli Direct cabinet type | Mean, T = 45 °C Page Akintunde
pepper solar dryer and | v =not available (2011)

open sun drying
Red pepper | Cabinet dryer T =50—-60°C Page Doymaz and

Pala (2002)

Green chilli | Overflow- T =40—-60°C Page Hossain and
Balujuri underflow/through | v = 0.1 — 1m Bala (2002)

flow drying

chamber
Sweet Cabinet dryer T=40-70°C Logarithmic Vengaiah and
pepper v=15mls Pandey

(2007)

Red bell Convectivedryer | T =50 —80°C Modified Page Vega et al.
pepper v=25m/s (2007)
Green bell | Ventilated oven T=30-70°C Page and Newton Faustino et
pepper al. (2007)
Bird’s eye | Fluidized bed | T =50—70°C Second degree Tasirin et al.
chilli dryer v = 0.85 — 1.09 m/s | polynomial function | (2007)
Green Microwave oven | T and v not available | Midilli and Kucuk Darvishi et
pepper model al. (2014)

The comparison of the experimental MR and the respective predicted MR by the

established models are shown in Figs. 5.8 and 5.9 (a) and (b). The comparison of the

experimental MR and the predicted MR by the most suitable drying model (Midilli and Kucuk

Model) for the solar dryer drying of Ghost chilli is shown in Fig. 5.8. Figure 5.9 (a) and (b)
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exhibits the comparison of the experimental MR and the predicted MR by the Modified Page
model and the Page model, respectively for the open sun drying of the Ghost chilli. The
predicted MR data follow a straight line for both the solar dryer drying and the open sun drying
which validates the suitability of the established models.

The effective moisture diffusivity was estimated by the graphical method. The moisture
diffusivity was found to be 3.37 x 10°® (m?/s) and 2.04 x 107 (m?/s) for the solar drier drying
and the sun drying, respectively.
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y =0.9967x + 0.0015
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o
>
(e»]

0.40 0.60 0.80 1.00
Experimental value of MR
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Fig. 5.8 Comparison of the experimental and the predicted MR by the Midilli and Kucuk
model for the solar dryer drying.
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Fig. 5.9(a) Comparison of the experimental and the predicted MR by the Modified Page

model for the open sun drying.
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Fig. 5.9(b) Comparison of the experimental and the predicted MR by the Page model for the

open sun drying.

(@ (®)

Fig. 5.10(a) Frsehly harvested ripe Ghost chilli pods (b) The open sun-dried Ghost chilli pods
(c) The solar dryer dried Ghost chilli pods.

Figure 5.10 (a) exhibits the photograph of the freshly harvested Ghost chilli, and Figs.
5.10 (b) and (c) show the photographs of the same Ghost chilli after the open sun drying and
the solar dryer drying. It has been observed quantitatively that the colour texture and quality of
the solar dried Ghost chilli are better than in the open sun dried one. Further, the drying was
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more uniform in the solar dryer. The original colour of the freshly harvested Ghost chilli was
preserved in the solar drying sample. The colour of the solar dryer drying sample was bright

reddish and yellowish while the open sun drying sample was pale and dark red.

5.6 Summary

Ghost chilli was dried in the newly developed solar dryer and under the open sun to study its
drying Kkinetics. The chilli pods were dried in the solar dryer at the drying air temperature
varying between 44 °C to 66 °C with an average of 57 °C. The chilli dried from the initial
moisture content of 85.5% (w.b.) to the final moisture content of 10.5% (w.b.) in 123 h
(including the night period) in the solar dryer and 193 h in the open. The drying rate was faster
in the solar dryer than in the open sun drying. The drying process of the Ghost chilli occurred
only in the falling rate period. Eleven thin layers drying models were compared with the
experimental MR data to identify the most suitable drying model. The results showed that the
Midilli and Kucuk model was the most suitable thin layer drying model to describe the drying
process of the Ghost chilli dried in the solar dryer, and the Page and the Modified Page model
were the two most suitable models for the open sun drying process of the Ghost chilli. The
effective moisture diffusivity of the solar dried and the open sun dried product was 3.37 x 107

(m?/s) and 2.04 x 1078 (m?/s), respectively.
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Chapter - 6

Energy and Exergy analyses of the Drying Process of
Ghost Chilli and Sliced Ginger

6. 1 Introduction

The operating cost of dryers increases day by day owing to continuous depletion of fossil fuels
resources and high prices of energy. In view of this, the available energy sources have to be
used efficiently and judiciously to reduce the energy consumption as well as the environmental
impact without compromising the quality of the dried products. Energy and exergy analyses
play a vital rule in optimising drying conditions and improving the performance of drying
systems. The energy analysis based on the first law of thermodynamics has some limitations.
It estimates the quantity of energy required for a given system but it does not provide any
information about the quality of the energy (Akpinar and Kogyigit, 2010; Park et al., 2014).
The exergy analysis provides more realistic views of a thermodynamic process. It determines
the causes and magnitude of irreversibility in any thermodynamics process (Saidur et al., 2012)
and identifies the locations, causes, and sources of deviations of the actual process from the
ideal one (Rosen and Dincer, 2003). The energy and exergy efficiencies of the drying system
can be improved by selecting optimum drying conditions and identifying the causes of
inefficiency and accordingly, taking corrective measures. It also helps in planning the
operational procedures of the dryer so that maximum amount of moisture can be removed by
supplying the minimum amount of energy.

Numerous studies on the energy and exergy analyses of the solar drying process of
agricultural products dried in different types of solar dryer have been reported in the literature.
Midilli and Kucuk (2003), Celma and Cuadros (2009), Akbulut and Durmus (2010), Akpinar
(2010), Boukadoum and Benzaoui (2011), Chowdhury et al. (2011), Fudholi et al. (2014a),
Fudholi et al. (2014b), Fudholi et al. (2015) presented the energy and exergy analyses of the
drying process of shelled and unshelled pistachios (indirect - type forced convection solar
dryer), olive mill waste water (indirect - type natural convection solar dryer), mulberry (indirect
- type forced convection solar dryer), mint leaves (forced convection solar dryer), mint leaves
(natural convection cabinet dryer), jackfruit leather (mixed - mode-type solar tunnel dryer),
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dried red chilli, red seaweed, and oil fronds (indirect - type forced convection solar dryer),
respectively. The detailed review is given in section 2.3 in chapter — 2.

It has been found that the energy and exergy analyses of the solar drying processes of
the Ghost chilli and the sliced ginger dried in a forced convection solar dryer have not been
reported in the literature. Therefore, the main objective here is to perform the energy and exergy
analyses of the drying processes of the Ghost chilli and the sliced ginger in this newly

developed solar dryer.

6.2 Experimental Procedure

The drying experiments were performed during October (Ghost chilli ) and November (sliced
ginger) 2015 every day starting from 9:00 h to 15:00 h. Every day, the surfaces of the air heaters
were cleaned to remove dust and dirt, and the drying system was run for half an hour before
loading it with the agricultural products. Nine kg of freshly harvested ripe Ghost chilli and 13
kg of sliced ginger were dried during the experiment. The experiment was performed separately
for each product. The ginger was washed and cleaned in the tap water one day before the
experiment. Then it was peeled and sliced into 4 mm to 10 mm thickness manually before it
was loaded into the drying chamber. To measure the moisture removal rate, a sample of 200 g
of the uniform size of each product was placed in a small tray. The losses of the mass of the
samples were measured with the digital balance at 1 h interval. The position of the drying trays
was changed at 2 h interval to dry the products uniformly. The agricultural products were kept
inside the dryer during the night period by closing the tray loading and unloading doors. The
velocity of air near the drying trays was measured with the hot wire velocity meter. An orifice
meter installed at the inlet of the SAH - 1 measured the flow rate of air. The power consumption
of the blower was measured with the digital energy meter. The T - type thermocouples and the
pyranometer were connected to the data acquisition system to record the temperature at
different locations of the drying system and the solar radiation intensity, respectively at a
regular interval of time (15 sec). The initial and the final moisture contents of the products were

determined by the oven method or Gravimetric methods.

6.3 Energy Analysis

The energy analysis of the drying system was performed on the basis of the general mass and
energy conservation equations. The data obtained from the experiments were used to perform

the energy and exergy analyses. The basic data requirements are the temperature of the air
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streams at different locations, the mass flow rate of air, the energy inflows and outflows of the
drying system, and the mass of moisture removed from the product. The energy inflows of the
drying system are the solar and electrical energy. The energy outflows of the drying system are
heat losses from the solar air heaters, heat losses at different sections of the connecting ducts,
heat losses from the walls of the drying chamber, and heat loss in the exhaust of the drying
chamber. During the energy analysis, the flow in the drying system was assumed to be steady.
The general mass and energy conservation equations for the steady flow open system can be

expressed as follows (Cengel and Boles, 2010).

2. = m, (6.)

. . V.2 V.2
—W=>Sm(h+22+2.9)-> m(h +--+Z 6.2
Q > Mo (N, +=2-+2Z,9) = > (h +=5-+Z,9) (6.2)

where m;, m, = mass flow rate of air at the inlet and outlet, respectively

h;, h, = enthalpy of air at the inlet and outlet, respectively
v;, U, = velocity of air at the inlet and outlet, respectively
Z;, Z, = height of the inlet and outlet from reference plane, respectively
0 = heat transfer rate
W = work transfer rate
g = acceleration due to gravity
In the drying chamber, the effects of the kinetic and potential energy were neglected for the
following reasons.
e The dryer was horizontal,
e The inlet and outlet of the solar air heaters were located at the same height from the
ground, and
e The change in velocity between the inlet and the exit was negligible.
Therefore, the mass and energy conservation equations for the SAH can be expressed by Egs.
(6.3)-(6.5).

Qin _le = ma (ho - hl) (63)

The heat input (Q;,,) to the solar air heater is given by Eq. (6.4)

Qin = 0La’[:c IASAH (64)
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M =m, =m (6.5)

where Q,, is the heat loss in the solar air heater, 1, is the mass flow rate of air, h; and h, are
the specific enthalpies at the inlet and outlet of the solar air heater, respectively.

The right hand term of Eq. (6.3) is known as the useful heat gained by the SAH, and it
can be obtained by measuring the inlet and outlet temperatures of the air heaters and the mass
flow rate of air. The useful heat gained of the SAH — 1 can be evaluated by Eqg. (6.6) (Midilli
and Kucuk, 2003; Celma and Cuadros, 2009).

QuSAH a= maC pa (ToSAH a= TiSAH —1) (6.6)

where Tisay—1 and T,g4—1 are the inlet and outlet air temperatures of the first solar air heater,
respectively, and C,,, is the specific heat of air.

The instantaneous first law efficiency of the SAH is defined here as the ratio of the useful heat
gained to the solar radiation incident on the absorber surface of the heater. Although, it is
generally defined as the ratio of the useful heat gained to the solar radiation incident on the air
heater plane (Benli, 2013; Bahrehmand and Ameri, 2015, Omojaro and Aldabbagh, 2010).
Therefore, it is expressed by Eqg. (6.7) for the SAH - 1.

maC pa (roSAH =i g TiSAH 71)

= 6.7
Tsan 1 A (6.7)

The heat losses from the SAH - 1 can be calculated by Eq. (6.8).
Qussari—1 = AaTel Ay 1 — Qupnia (6.8)

Similarly, the useful heat gain, the instantaneous thermal efficiency, and the heat losses of the

SAH - 2 can be expressed by Egs. (6.9), (6.10) and (6.11), respectively.
QuSAH 2= mana (TOSAH -2 _TiSAH 72) (6.9)

maC pa (TOSAH -2 TiSAH -2 )

M2 = (6.10)
S OLa‘cc IASAH -2
Qusari—2 = ATl A — Qusan 2 (6.11)
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where Ag,y—1 and Ag,y—, are the areas of the SAH - 1 and SAH - 2, respectively, Tis4y—, and
T,san—> are the inlet and outlet air temperatures of the SAH - 2, respectively.

The size of the two air heaters were the same, and the inlet temperature of the SAH - 1 was
assumed to be equal to the ambient temperature and therefore,

A = A = Ay (6.12)
And Tigayi 1 = Tomy (6.13)
The overall efficiency of the SAHs was determined by Eg. (6.14).

_ maC pa (TOSAH -2 _TiSAH _1)
Nsan = |
(Asapi s + Asan o) e, T,

(6.14)

The specific energy consumption (SEC) is defined as the ratio of the total energy input to the
drying system to the total moisture removal from the product. It was computed by Eg. (6.15)
reported by Fudholi et al., 2014a.

Py
SEC = 1
(6.15)

v

The total energy input (p,) is the sum of the solar energy incident on the surface of the solar
air heaters and the electrical energy consumed by the blower. It was calculated by the following

equation.

P = [(ASAH—l + ASAH—Z)I + pbl]td (6.16)

where py,; is the power consumed by the blower.
The total mass of the moisture (m,,) evaporated from the products during the drying period (t,;)
was calculated as follows (Ayensu and Asiedu-bondzie, 1986).
m (M. —M
m, =M =M) (6.17)
100-M;,

Where, Mj and My are the initial and the final moisture contents of the product, respectively.
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The thermal efficiency which is defined as the ratio of the actual temperature drop to the
maximum possible temperature drop of the drying air in the drying chamber was evaluated by
the following equation (Kudra, 2004; Saravacos and Maroulis, 2011).

T -T
Mo =T"‘—°“ (6.18)

id amb

where T;4 and T, are the inlet and outlet air temperatures of the drying chamber, respectively
and T,,,p IS the ambient temperature.

The overall thermal efficiency of the drying system is defined as the ratio of the energy required
to evaporate the moisture from the product to the total energy input into the drying system. It

is expressed as follows.

Mg=——" (6.19)
)

6.4 Exergy Analysis of the Drying Chamber

The exergy losses associated with the drying chamber are the exergy loss with the air leaving
the drying chamber, the exergy losses from the walls of the dryer due to heat losses, and the
exergy loss (exergy investment) in drying of the product (Dincer and Rosen, 2007). The exergy
inflow and outflow of a drying chamber are shown in Fig. 6.1. The newly developed dryer is a
batch type, and therefore, the exergy outflow of the product is neglected during the exergy
analysis of the drying chamber although some amount of exergy outflow may occur along with
the product when the drying operation is stopped.
The exergy analysis was performed based on the general form of the flow exergy equation for
the steady flow system. The following assumptions were made for the exergy analysis.

e The flow was assumed to be steady,

e The effects of the kinetic and the potential energy were neglected, and

e The effect of the moisture content on the heat capacity of the air is neglected

Therefore, the general form of the exergy equation can be expressed as follows (Nag, 2010).

Ex=m, {cpa(r ~-T)-T {Cpa In {le— R |n(§JH (6.20)
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where T and P are the temperature and the pressure of air at a given time, respectively, T, and

P. are the reference temperature and pressure, respectively.

Exergy loss with heat

K
Drying chamber / /
Exergy inflow :> Exergy outflow
Exergy destroyed

Fig. 6.1 Exergy flow diagram of the drying chamber.

The change in the pressure between the inlet and the exit of the drying chamber is negligible,
and the Eq. (6.20) can be written as (Corzo et al., 2008; Aviara et al., 2014; Amjad et al., 2016).

Ex = man{(T -T)-T In(TIH (6.21)

r

Therefore, the exergy inflow and outflow of the drying chamber can be expressed by Egs.
(6.22) and (6.23), respectively.

a~’ pa

Ex, =m.C {(rid -T)-T. In(TT—d]] (6.22)

r

r

: _ T
EXod = mana |:(Tod _Tr) _Tr In [TLd]:| (623)
The exergy loss in drying of the product is obtained by

Ex, = Ex, —Ex, (6.24)
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The exergy efficiency of the drying chamber is defined as the ratio of the exergy outflow to the
exergy inflow of the drying chamber. It is expressed by Eqg. (6.25) (Celma and Cuadros, 2009;
Aghbashlo et al., 2013).

Ex

_ EXy 6.25
nEx,dc Exid ( )

6. 5 Results and Discussion

The experimental results and analysis of the drying processes of the two products are elaborated
in the following sections.

6.5.1 Drying of Ghost chilli

The drying experiments of the Ghost chilli were performed for seven consecutive days (25" —
31% October 2015), starting from 9:00 h to 15:00 h. The variations in the solar radiation and
the ambient temperature for the seven consecutive days during the experiments are shown in
Fig. 6.2. The interruptions of the curves indicate the night period. The solar radiation intensity
during the test period varied from 353 W/m? to 971W/m? with an average of 785 W/m?. The
maximum solar radiation intensity was recorded between 10:30 h and 11:30 h. The ambient air

temperature was in the range of 27-32 °C with an average of 30 °C.
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Fig. 6.2 Variation in the solar radiation intensity and the ambient temperature for seven
consecutive days.
The moisture content of the chilli sample was reduced to 3% (w.b.) from its initial
moisture content of 85.5% (w.b.) in 36 h in the drying air temperature range from 42 °C to 61
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°C (Figs. 6.3 and 6.4). However, the whole mass of chilli dried in slightly higher drying time
which was 42 h. The sample dried in less time because the sample - tray was placed near the
plenum chamber of the dryer in the first stage of the drying trays throughout the experiment
for which it was exposed to the drying air at relatively higher temperature. However, the
positions of the main drying trays were changed at a regular interval of time (2 h) during the

experiment, and thereby the chilli pods in the drying trays were exposed to different drying air
temperatures.
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Fig. 6.3 Variation in the moisture content of the Ghost chilli sample with drying time.
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Fig. 6.4 Inlet and outlet air temperatures variation of the drying chamber with time.

Figure 6.5 exhibits the inlet and outlet temperatures variations of the SAH for seven
consecutive days. The outlet temperature of the SAH - 1 and the SAH - 2 varied from 37 °C to
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60 °C and 43° C to 69 °C, respectively at the constant air mass flow rate of 0.02 kg/s. The
variation in the thermal efficiencies of the solar heaters (from 9:00 h to 15:00 h) for seven

consecutive days is shown in Fig. 6.6.
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Fig. 6.5 Change in the air temperature with time at different locations of the SAHs.
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Fig. 6.6 Variation in the thermal efficiency of SAHSs for seven consecutive days.

The thermal efficiencies of the air heaters were calculated employing equation Eq. (6.7)
for ¢ = 0.95 and 7 = 0.85 (Similar values were reported by Duffie and Beckman, 2006 and
Sangpradit, 2014). The thermal efficiency of the SAH - 1 and the SAH - 2 were found to be in
the range of 22.1-38.4% with an average of 32.1% and 9.6-18.4% with an average of 14.1%,

respectively. The average overall efficiency of the air heaters array was 22.9%. The efficiency
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of the SAH - 2 was found to be lower compared with the first one because of the high inlet air
temperature of the heater. The outlet temperature of the SAH - 1 which ranged between 37 °C
and 60 °C was the inlet temperature of the SAH - 2. The high inlet air temperature causes a
high temperature of the absorber plate of the solar air heaters. As a result, the heat losses from
the absorber plate of the heater increases because of the re - radiation and the convection
(Sukhatme and Nayak, 2010). Hence the high inlet air temperature was the cause of the low
efficiency of the SAH - 2. The efficiency of the solar heaters was found to be high at the low
solar radiation. A similar pattern of the result was reported by Fudholi et al., 2015.

The average power consumed by the blower and the solar radiation incident on the
surface of the air heaters were found to be 250 W and 785 W/m?, respectively. The total area
of the solar heater panel was 4 m?. Applying Eq. (6.19) for t; = 42 h, hy, = 2.72 MJ/kg, I =

785 W/m? and p,; = 250 W, the overall thermal efficiency of the drying system was found to
be low, viz. 4%, because of which the specific energy consumption was found to be high, viz.
18.7 kW h/kg. This may be due to the low loading capacity of the dryer. As shown in Fig.6.4,
the maximum drop in air temperature between the inlet and the outlet of the drying chamber
was 8 °C during the peak sunshine hours, when the inlet and outlet temperatures of the drying
chamber were 61 °C and 53 °C, respectively. This shows that a major part of the energy
available in the drying air was not utilised and wasted in the exhaust. The overall thermal
efficiency is expected to improve with increasing the loading capacity of the dryer. The drying
chamber has sufficient space to accommodate six more trays with which the loading capacity
of the dryer may be increased to around 20 kg. Therefore, a further experiment is required to
find out the optimum loading capacity of the dryer.

The exergy inflow and outflow, the exergy loss, and the exergy efficiency variation
with time are shown in Fig. 6.7. The exergy inflow and outflow of the dryer varied from 4.4 W
to 30 W and 2 W to 22 W, respectively, and the exergy loss was in the range of 1-12 W. The
exergy efficiency of the dryer varied between 21% and 98% with an average of 64%. It is
observed that the exergy efficiency is low at the beginning of the drying process of the next
day after the interruption during the night period. It increases rapidly in the first hour and then
remains almost steady for about 3 h. It again starts increasing in the last 2 h. Fudholi et al.
(2015) reported the similar pattern of the exergy efficiency curve for the solar dryer.

At the beginning of the drying operation on each day after the interruption during the
night period, more heat is consumed to raise the temperature of the chilli pods and the wall
material of the drying chamber from the ambient conditions, resulting in less exergy outflow

of the drying chamber. When the temperature of the chilli pods and the wall material reach a
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steady state, the exergy efficiency remains almost steady. In the latter part of the day from
13:00 h to 15:00 h, the inlet temperature of the drying chamber decreases with decreasing solar
radiation intensity, resulting in low exergy inflow of the drying chamber. However, the exhaust
air temperature does not decrease at the same rate as the temperature of the air entering the
drying chamber (Fig.6.4). This is due to the accumulated heat released from the drying chamber
walls material into the air causing the addition of exergy. Hence, more exergy is available with
the air stream at the outlet of the drying chamber compared to the inlet leading to the high
exergy efficiency in the latter part of each day.

—o—Exergy inflow —s=—Exergy outflow ——Exergy loss ——EXxergy efficiency
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Fig. 6.7 Variation in the exergy inflow and outflow, exergy loss, and the exergy efficiency of

the drying chamber for seven consecutive days.

Figure 6.8 exhibits the exergy and thermal efficiencies variation in the drying chamber.
The exergetic efficiency curve has an opposite trend to the thermal efficiency curve. When the
thermal efficiency increases, the exergy efficiency decreases. The higher energy consumption
in the dryer leads to the higher thermal efficiency and the lower exergy efficiency. Thus, the
low exergy efficiency indicates more energy requirement for drying the product. The energy
utilisation ratio of a dryer is defined as the ratio of the actual enthalpy drop of air across the
drying chamber to the maximum possible enthalpy drop of the drying air. If the enthalpy of the
saturated vapour is neglected than the energy utilisation ratio becomes equal to the thermal
efficiency. Akpinar (2010) reported the similar trend of the exergy efficiency curve and the

energy utilisation ratio.
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Fig. 6.8 Change in the exergetic and thermal efficiencies with the drying time.

It should be noted that the exergy efficiency has approached to around 100% towards
the last days of the drying processes. This was due to the less moisture content in the products
during the last stage of the drying process. The exergy investment during drying of the product
was very less. The temperature drop of the drying air between the inlet and outlet of the drying
chamber decreases with decrease in the moisture content of the products. As a result, the exergy
inflow and outflow of the drying chamber become almost the same. This leads to very high
exergy efficiency (98%). Fudholi et al. (2014b), Celma and Cuadros (2009), Midilli and Kucuk
(2003), Fudholi et al. (2014a), Akbulut and Durmus (2010), and Akpinar (2010) reported
similar results for exergy efficiency for drying red seaweed (47-97%) olive mill waste water
(34.4-100%) pistachio (15.6-100%), red chilli (1-93%) mulberry (21.3-93.3%), and mint
(34.7-87.7%) in the solar dryer, respectively.

6.5.2 Drying of sliced ginger

The drying experiment with the ginger was carried out by drying 13 kg of the sliced
ginger consecutively for 5 days (9" to 13" November 2015) starting from 9:00 h to 15:00 h
every day. The sliced ginger sample was dried in 30 h from its initial moisture content of 86.3%
(w.b.) to the final moisture content of 3.5% (w.b.) (Fig.6.9). However, the moisture content of
the whole mass of the sliced ginger was reduced to 10% (w.b.) in 33 h. The change in the air
inlet and outlet temperatures of the SAHs and the solar radiation intensity are shown in Fig.

6.10. The outlet temperature of the SAH panel varied between 36 °C and 65 °C with an average
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of 55 °C. The solar radiation intensity was in the range of 207-944 W/m? with an average of

695 W/m?. The solar radiation fluctuated throughout the experiment on the second day.
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Fig. 6.9 Variation in the moisture content of the ginger with the drying time.
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Fig. 6.10 Change in the air temperature with time at different locations of the SAHSs.

The thermal efficiencies of the solar air heaters (Fig.6.11) were found to be slightly
higher than in the previous experiment which was due to the lower ambient temperature. The
average ambient temperature recorded during October was 30 °C while it was 28 °C during
November 2015. In the second day, the efficiency fluctuated continuously due to the fluctuation
in the solar radiation intensity. The average overall efficiency of the solar air heaters array was
found to be 23.3%.

Figure 6.12 shows the variation in the ambient temperature, the solar radiation intensity
and the inlet and outlet temperatures of the drying chamber for the five consecutive days. The
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ambient temperature varied from 24 °C to 31 °C with an average of 28 °C. The solar radiation
intensity and the drying air temperature were in the range of 207-944 W/m? with an average
of 695 W/m? and 37-57 °C with an average of 50 °C, respectively.
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Fig. 6.11 Variation in the thermal efficiency of SAHSs for five consecutive days during

ginger drying.
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Fig. 6.12 Variations in the ambient temperature, solar radiation intensity, and the inlet and

outlet temperatures of the drying chamber during ginger drying.

The exergy inflow and outflow, the exergy losses, and the exergetic efficiency of the
drying chamber are shown in Fig. 6.13. The exergy inflow and outflow of the drying chamber
were found to be varied from 2.6 W to 23.6 W and 1.1 W to 15.7 W, respectively. The

maximum exergy inflow of the drying chamber coincided with the peak sunshine hour. The
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exergetic efficiency was found to be in the range of 4-94% with an average of 47%, and it

increased gradually with advancing in drying time.

25—0— Exergy inflow —e— Exergy outflow —— Exergy loss ——Exergy eff|C|ency

Exergy efficiency (%)

Fig. 6.13 Exergy inflow and outflow, exergy loss and the exergetic efficiency change with

the drying time.
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Fig. 6.14 Change in the thermal and the exergetic efficiencies of the drying process of the

ginger for five consecutive days.

Figure 6.14 exhibits the thermal and exergetic efficiencies variation in the drying
chamber from 9:00 h to 15:00 h for five consecutive days (9" - 13" November 2015). The
thermal efficiency varied from 1% to 77%. The pattern of the thermal efficiency curve of the
drying process of the sliced ginger is slightly different from the Ghost chilli one. In the case of
the Ghost chilli, the thermal and exergetic efficiency curves on each day for the seven
consecutive drying days are almost similar in trend for the whole drying period. However, in
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the case of the ginger drying process, the exergetic efficiency increases gradually from the first
to the third day, and afterwards the curves are similar in the pattern for the last two days. Thus,
the sliced ginger drying process exhibited higher energy efficiency and the lower exergetic
efficiency during the first few days of its drying. This may be due to moisture saturated surface
of the sliced ginger during the initial period for which more heat is consumed during the initial
period. With the elapse of the drying time, the free moisture diminishes from the surface and
the moisture starts diffusing from the inner structure of the product to the surface.

The specific energy consumption and the overall thermal efficiency were estimated by
applying Egs. (6.15) and (6.19) for t; = 33 h, I = 695 W/m? and p,,;=250 W and found to be
8.8 KW h/kg and 8.5%, respectively.

Table 6.1

Summary of the performance of the solar dryer while drying Ghost chilli and sliced ginger.
Particulars Ghost Chilli | Sliced Ginger
Initial mass (kg) 9 13
Initial moisture content, w.b. (%) 85.5 86.3
Final moisture content, w.b. (%) 9.7 10
Total drying time (h) 42 33
Thermal efficiency of the SAH - 1 (%) 22.1-38.4 26.1-40.2
Thermal efficiency of the SAH - 2 (%) 9.6-18.4 10.5-19.5
Overall thermal efficiency of the air heaters (%) 23 23.3
Specific energy consumption of the product (kW h/kg) | 18.7 8.8
Overall thermal efficiency of the drying system (%) | 4 8.5
Exergy inflow of drying chamber (W) 4.4-30 2.6-23.6
Exergy outflow of drying chamber (W) 2-22 1-15.7
Exergy efficiency of the drying chamber (%) 21-98 4-94
Average exergy efficiency (%) 64 47

The results show that the overall thermal efficiency of the drying system is
comparatively low, and the specific energy consumption is relatively high for both the
products. It may be attributed to the longer drying period, the short drying operation per day,
and the low loading capacity of the dryer. The dryer was operated daily for six hours because

of which more drying days was required for completing the drying process. When the drying
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operation was restarted after the interruption, low exergy efficiency and high exergy losses
were observed in the first few hours, which indicated that more heat energy was eaten up by
the products and the wall material of the drying chamber.

High exhaust air temperature of the drying chamber was recorded during the peak
sunshine hours and therefore, meticulous planning for recirculation of the exhaust air, operation
of the dryer with the thermal storage to extend the drying time beyond the sunshine hours, and
increasing the loading capacity may slightly improve the overall performance of the drying
system. It may be also worthwhile to modify the dryer to operate in the mixed mode - type
(replacing the top cover of the drying chamber with a transparent cover plate) and to investigate
the drying characteristics. The summary of the performance of the solar dryer is presented in
Table 6.1.

6.6 Summary

Ghost chilli and sliced ginger were dried successfully in the newly developed forced convection
solar dryer, and energy and exergy analyses of the drying processes of the two products were
performed. The inlet air temperature significantly affects the thermal efficiency of the solar air
heater. The high inlet air temperature leads to the low thermal efficiency of the solar air heater.
The thermal efficiency of the SAH-1 and SAH-2 was in the range of 22.1-38.4% and 9.6-
18.4%, respectively when ghost chilli was dried and it was 26.1-40.2% and 10.5-19.5% for the
ginger drying. The energy and exergetic efficiencies may change during successive drying and
also from product to product. The sliced ginger drying process exhibited higher overall thermal
efficiency (8.5%) and lower exergetic efficiency (Avg. 47%) during the initial stage of the
drying period. The exergetic efficiency increases with progressing in the drying time. The
overall exergetic efficiency of the drying process of Ghost chilli (21-98% with an average of
64%) was higher than that of the sliced ginger (4-94% with an average of 47%). The specific
energy consumption depends on the type of the product dried, drying time, and the loading of
the dryer. The specific energy consumption of Ghost chilli (18.7 kW h/kg of moisture) was
higher than that of the sliced ginger (8.8 kW h/kg of moisture). The high exergy and low
thermal efficiencies of the drying chamber manifest considerable energy losses with the

exhaust air.
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Chapter - 7

Performance Tests on the Solar Dryer with the Latent
Heat Storage

7.1 Introduction

Recently, the solar dryer with latent heat storage has received much attention due to many
advantages associated with it over the sensible heat storage system. Numerous solar dryers of
different structures and working principles integrated with different configurations of latent
heat storage systems were developed by many researchers (Devahastin and Pitaksuriyarat,
2005; Cakmak and Yildiz, 2011; Esakkimuthu et al., 2013; Shalaby and Bek, 2014; Shringi et
al., 2014; Jain and Tewari, 2015; Reyes et al., 2014; Agrawal and Sarviya, 2016). The details
of their studies have been elaborated in the literature review. It is observed from the literature
that most previously published works on the solar dryer with integrated LHS unit were carried
out to study the feasibility of the using of LHS in the solar dryer. Few studies were performed
to study the effects of the air velocity and the temperature on the charging and discharging
characteristics of the latent heat storage unit of the dryer and the drying kinetics of the
agriculture products dried. Further, the studies on the exergy analysis of the solar drying system
focused only on the exergy analysis of the drying chamber and the drying process of a specific
product. Complete energy and exergy analyses of each component of the drying system
integrated with a latent heat storage unit has not been reported in the literature. In addition,
drying of red chilli in a solar dryer integrated with a latent heat storage unit have not been
reported in the literature. Therefore, the latent heat storage of the developed dryer was filled
with paraffin wax and tested by drying red chilli. The performance of each component of the
drying system was evaluated by the energy and exergy analyses. The details of the experimental
procedures, energy and exergy analyses of the drying system, and experimental results are
discussed in the following sections of this chapter.

7.2 Experimental Procedure

The shell side of the heat exchanger was filled with 34 kg of paraffin of average melting

temperature of 58 °C produced by Indian Oil Corporation, Digboi refinery, Assam, India. Then
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the dryer was tested by drying an agricultural product available during the month of April in
this subtropical North - Eastern region of India. The product is red chilli. Ripe chilli of a local
variety was collected from a local market and was kept in a cold and dry place for 24 h for
getting complete ripe. Then the trays of the drying chamber were loaded with 20 kg of the
chilli. The loading density of the dryer was 6.9 kg/m?. It is to be noted that the dryer was
initially designed for drying 10 kg of chilli in 6 nos. of drying trays. When the dryer was tested
with 9 kg of ghost chilli, the overall thermal efficiency of the drying system was found to be
only 4%. Therefore, to improve the thermal efficiency further, three more drying trays were
incorporated in the solar dryer. With total of 9 drying trays, 20 kg of red chilli was loaded.
To measure the moisture removal rate, a sample of 100 g was taken in a small sample
- tray. The sample - tray was placed near the plenum chamber (in the first stage of the main -
trays). Another sample of 100 g was dried simultaneously outside in the direct sun in a
perforated tray. The mass of the both samples was measured at 1 h interval. The positions of
the main trays were changed from the tray loading door to unloading door at a regular interval
of time (2 h). Every day, the drying experiment was started from 8:00 h and stopped at 18:00
h. The samples were kept in airtight containers after completion of the experiment on each day.
The initial and final moisture contents of the chilli were determined by the oven method. The
temperatures of the air at different locations of the drying system, solar radiation intensity,
power consumed by the blower, mass flow rate of the drying air and other parameters were

measured by following the similar procedures as the earlier experiments.

7.3 Energy Analysis

The energy analysis of the components of the drying system was carried out based on the
general mass and energy conservation equations assuming the flow to be steady during the
energy analysis. The steady flow general mass and energy conservation equations are expressed
as follows (Cengel and Boles, 2010).

dom=>m (7.1)
Qv =X m, i, ++2,0)- T+ +20) 72

In the drying system, the effects of the kinetic and potential energy are neglected for the

following reasons.
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e The dryer is horizontal,

e The inlet and outlet of the solar air heaters are located at the same height from the
ground,

e The change in the air velocity between the inlet and the exit is negligible, and

e The energy storage is horizontal.

7.3.1 Energy analysis of the energy storage

The instantaneous heat input to the storage during the charging process is expressed by Eq.
(7.3).

Qch = mana(Ti,es _To,es) (73)

where T; . and T, . are the inlet and outlet temperatures of the energy storage, respectively.
Then net heat input or transferred to the storage material during the charging period is given
by Eq. (7.4).

t

Qu = [ Qudt (7.4)

0

Similarly, the instantaneous heat and net heat recovered from the storage during the discharging

period are given by Egs. (7.5) and (7.6).

Qdich = mana (To,es _Ti,es) (75)
Quicn = IQdichdt (7.6)

The overall energy efficiency of the storage or the percentage of the energy recovered is defined
as the ratio of the net heat recovered to the net heat input. It is expressed by the following

equation (Dincer and Rosen, 2011).

_ Qyien

7.7
Q. (7.7)

7765

The energy analysis of the solar air heaters and the drying chamber have been discussed in the

section 6.3 of the previous chapter.
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7.4 Exergy Analysis

Exergy analysis was performed for each component of the drying system. The following
assumptions were made during the exergy analysis.

e The flow was assumed to be steady,

e The effects of the kinetic and potential energy were neglected,

e The exergy loss in the product was negligible.

e The change in the pressure between the inlet and out was neglected

Therefore, the steady flow exergy equation is expressed as follows (Nag, 2010).

AN T P
Ex=m, {Cpa(l' —T.)=T, {Cpa In (fj—Rln[EJH (7.8)

7.4.1 Exergy analysis of the SAH

The exergy received by the working fluid (air) of the SAH - 1 and the SAH - 2 are given by
Egs. (7.9) and (7.10), respectively.

: : o san
EXre,SAH 4= mana |:(T0,SAH -1 _Ti,SAH —1) _Tr In (ﬂJ} (7.9)
i, SAH -1
: : To a2
EXre,SAH 2= mana (To,SAH -2 _Ti,SAH—Z ) e (7.10)
i, SAH-2

The exergy input to the SAH is expressed by Eq. (7.11) (Yadav et al., 2014).

’ T |
: =1-—|O 7.11
EXln,SAH |:l .I_ j|Q|n ( )

S

The apparent sun temperature (Ts) is assumed to be 4500 K (Jafarkazemi and Ahmadifard,
2013). The exergy efficiency of the solar air heater is expressed as follows (Akpinar and
Kogyigit, 2010; Park et al., 2014).

(7.12)
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EXre,air (7 ) 13)

Or Mex,san = Ex

in,SAH

The exergy destruction in the solar heater is given by Eq. (7.14) (Esen, 2008; Bayrak et al.,
2013).

. T ). T
EXdest = [1_T_erin - mana |:(T0,SAH _Ti,SAH )_Tr In (Mﬂ (7-14)
s i,SAH

7.4.2 Exergy analysis of the energy storage

The instantaneous exergy input to the energy storage during the charging process is given by
Eqg. (7.15) (Dincer and Rosen, 2011).

0,es

. T
Ex, =m.C,, [(I'i’eS —Toe) =T, In [T"es H (7.15)

The instantaneous exergy recovered from the storage during the discharging process is given
by Eq. (7.16).

T
EXdich = macpa {(To,es _Ti,es) _Tr In (To,es J} (7-16)

i,es

The net exergy input and exergy recovered during the charging and discharging periods are
calculated by employing Egs. (7.17) and (7.18), respectively.

t
Ex, = I Ex,,dt (7.17)
0

t
EXgicn = J. EXdichdt (7.18)
0

The exergy efficiency of the energy storage or the percentage of exergy recovered is defined
as the ratio of the net exergy recovered from the energy storage during the discharging period
to the net exergy input to the storage during the charging period. It is expressed as follows
(Koca et al., 2008).
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77Ex,es = (719)

The exergy analysis of the drying chamber has been already elaborated in section 6.4 of the
previous chapter.

7.5 Results and Discussions

The drying experiment was conducted during the period of 24" to 27" April 2016. The
experiment was performed every day for 10 h from 8:00 h to 18:00 h. The changes in the
ambient air temperature, the inlet and outlet air temperature of the solar air heaters, and the
solar radiation intensity during the experiment are shown in Fig. 7.1. The ambient temperature
varied between 24 °C and 34 °C and the highest ambient temperature was recorded 2—-3 h after
the peak sunshine hours of the day. The maximum solar radiation intensity was recorded
between 10:49 h and 11:33 h and was in the range of 878-936 W/m?. The maximum outlet air
temperature of the SAH panel was 70 °C, and it was observed on the first day of the experiment.

A slight fluctuation in the solar radiation was noticed on the last day of the experiment due to

cloud cover.
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Fig. 7.1 Change in the ambient temperature, solar radiation intensity, and the inlet and outlet

air temperatures of the SAHs with time.
The variation in the energy and exergy efficiencies of the solar air heaters for four
consecutive days are shown in Fig. 7.2. The average energy and exergy efficiencies of the SAH
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- 1 were found to be higher than the SAH - 2. The average energy efficiency of the SAH - 1
and the SAH - 2 were found to be 32.5% and 14.1% at a mass flow rate of 0.019 kg/s,
respectively. The average exergy efficiency of the SAH - 1 and the SAH - 2 were found to be
0.9% and 0.8%, respectively. Alta et al. (2010) reported almost similar value (0.83%) of exergy
efficiency of a solar air heater with a finned absorber plate. The exergy efficiencies of the solar
air heaters were found to be low. The exergy efficiency of the solar air heater increased with
increase in the solar radiation intensity. The highest exergy efficiency coincided with the peak
sunshine hours of the day.

—e—Exergy efficiency of SAH-1 ——Exergy efficiency of SAH-2
—a—Energy efficiency of SAH-1 ——Energy efficiency of SAH-2
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Fig. 7.2 Change in the energy and exergy efficiencies of the SAHs with time.

The variation in the inlet and outlet temperatures and the heat input and heat recovered
during the charging and discharging processes of the energy storage are shown in Fig. 7.3. The
highest drop in temperature of the air between the inlet and outlet of the storage during the
charging process of the paraffin wax was found to be 10 °C while the rise in temperature of the
air during the discharging process was 9 °C. The discharging of heat from the storage began
from 14:15 - 14:45 h when the air temperature coming out the SAH became lower than the wax
temperature. The point of intersection of the inlet and outlet air temperatures curves of the
storage denotes the ending of the charging period and the beginning of the discharging period.

It was observed that the inlet air temperature of the storage varied with the change in
the solar radiation intensity, i.e. increased with time, and reached the maximum value between
11:55 h and 2:19 h. After that, it started decreasing and became almost equal to the ambient
temperature at around 16:15 h due to very low solar radiation intensity. However, the outlet

air temperature of the storage remained higher than the ambient temperature by 6-8 °C after

135
TH-1610_ 13613022



Chapter - 7 Performance Tests on the Solar Dryer with the Latent Heat Storage

16:15 h until the experiment was stopped at 18:00 h. The charging and the discharging
processes of the storage occurred depending on the air temperature coming out of the SAH and
the wax temperature. In most bright sunshine days, the charging process took place during the
period 8:00 h to 14:30 h

——|nlet air temperature of ES
—— Qutlet air temperature of ES
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Fig. 7.3 Variation in the inlet and outlet air temperatures and the heat input and

recovered during the charging and discharging processes of the ES.

The inlet air temperature of the storage was in the range of 28-68 °C with an average
of 52 °C while, the outlet temperature was in the range of 34-60 °C with an average of 50 °C.
In the 4™ day of the experiment, the solar radiation intensity fluctuated during the period 10:30
h to 12:30 h due to the cloud cover. The effect of fluctuation in the solar radiation was reflected
in the outlet air temperature of the solar air heater as well as in the inlet air temperature of the
storage. However, the heat storage diminished the fluctuation in the air temperature and
supplied air to the drying chamber at nearly constant temperature. The average instantaneous
heat input and heat recovered during the charging and discharging processes of the energy
storage varied from 105 W to 130 W and 89 W to 116 W, respectively. In Fig. 7.3, the positive
heat and negative heat on the secondary Y - axis indicate the heat input to the storage and
recovered from the storage, respectively.

Figure 7.4 exhibits the change in the exergy input and exergy recovered during the
charging and discharging processes of the thermal energy storage with time. The exergy input
to the thermal storage increased with increase in the inlet air temperature or the solar radiation
intensity. The average instantaneous exergy input and exergy recovered were found to be in

the range of 7.9-10.5 W and 2.9-3.9 W, respectively. As expected, it was observed that the
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exergy input increased with increasing heat input. Similarly, the exergy recovered increased
with increasing heat recovered.

——|nlet air temperature of ES
—— Qutlet air temperature of ES
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Fig. 7.4 Exergy input and exergy recovered during the charging and discharging processes of
the ES.
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Fig. 7.5 Net heat input and heat recovered during the charging and discharging periods of the

ES.

The net heat input and heat recovered during the charging and discharging periods of
the storage are shown in Fig. 7.5. The net heat input and heat recovered were found to be
varying between 3.1 MJ and 3.8 MJ and 1.2 MJ and 1.5 M, respectively. The average energy
efficiency or the percentage of the energy recovered was found to be in the range of

36.4—42.2%. The effectiveness of the energy storage which is defined as the ratio of actual
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total energy stored to the maximum total energy that can be stored (Dincer and Rosen, 2011)
was found to be in the range of 31.1-41.6%. The thermal energy was not retrieved from the
storage after 18:00 h as the air coming out of the storage at the temperature below 36 °C was
not much effective for drying the chilli. Hence, the drying operation was stopped at that time.
The unrecovered heat caused the high temperature of the wax at the end of the experiment. It
was in the range of 35-43 °C. Figure 7.6 exhibits the net exergy input and exergy recovered
during the charging and discharging periods. The net exergy input and exergy recovered were
found to be in the range of 0.2-0.3 MJ and 0.04-0.05 MJ, respectively. The overall exergy
efficiency ranged from 13.7% to 17%.

@ Net exergy input to the storage during charging period
O Net exergy recovered from the storage during discharging period

Net exergy input and recovered

24t April 25" April 26" April 27" April
Day

Fig. 7.6 Net exergy input and exergy recovered during the charging and discharging periods.

The variation in the wax temperature at different locations in the storage during the
charging and discharging processes are shown in Fig. 7.7 and a magnified view of the
temperature of the wax for one day is shown in Fig. 7.8. The locations at which the wax
temperature was measured, are illustrated in Fig.4.9 of chapter - 4. As usual, it was observed
that the temperature of the wax near the inlet increased and decreased first during the charging
and discharging processes, respectively. The wax temperature increased with increasing inlet
air temperature and reached the highest temperature of 60 °C at around 13:00 h, later than the
peak sunshine hours.

The energy analysis does not give any information about the melting and the freezing
of the wax. The freezing and the melting of the PCM can be known from the measurement of
the temperature of the PCM and the temperature of the charging fluid at the inlet and outlet of
the storage. When the temperature of the PCM at different locations after reaching the melting
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point does not change during the charging process and also the temperature of charging fluid
does not change while passing through the storage, then one can assume that the PCM has

melted completely.

—— Inlet air temperature of ES SRR TC-1
------------- TC-2 ----- TC-3
—FTC-4 - TC-5
—TC-6 —=— Qultlet air temperature of ES

Fig. 7.7 Variation in the paraffin wax temperature at different locations during the charging
and discharging processes.
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Fig. 7.8. A magnified view of the wax temperature for one day (24" April 2016).
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Figure 7.9 exhibits the variation in the inlet and outlet temperatures and the exergy
efficiency of the drying chamber. The inlet air temperature of the drying chamber was in the
range of 35-61 °C with an average of 50 °C. The exergy efficiency increased with advancing
drying days. The highest exergy efficiency was observed in the last two days of the drying
periods. This was due to the low moisture content in the chilli towards the end of the drying
process. The exergy efficiency also increased with the progress of the drying time of the day,
and it increased steeply in the later part of the day. The exergy efficiency of the drying chamber
was in the range of 24.3-98% with an average of 52.2%. Fudholi et al. (2014a), Celma and
Cuadros (2009), Midilli and Kucuk (2003), Fudholi et al. (2014b), Akbulut and Durmus
(2010), Akpinar (2010) reported similar results for drying red sea weed (47-97%), olive mill
waste water (34.4-100%), pistachio (15.6-100%), red chilli (1-93%), mulberry (21.3-93.3%),
and mint (34.7-87.7%) , respectively in the solar dryer.
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Fig. 7.9 Change in the inlet and outlet air temperatures of the drying chamber for four

consecutive days.

Figure 7.10 shows the change in the moisture content of the solar and open sun dried
chilli samples. The moisture content of the samples was reduced from the initial value of 73.5%
(w.b.) to the final value of 9.6% (w.b.) in 35 h and 78 h in the solar dryer drying and the open
sun drying, respectively. The sun drying sample took 122.8% longer drying time in comparison
with the sample dried in the newly developed dryer. The product dried in the solar dryer was

free from dust and hygienic. Figure 7.11 (a) exhibits the photograph of the ripe chilli pepper
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taken before drying and Fig. 7.11 (b) and (c) shows the photographs of the chilli pepper taken
after drying in the solar dryer and the open sun, respectively.

—o—Solar dryer drying  —a—Open sun drying
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Fig. 7.10 Change in the moisture content of the solar and sun dried samples.

Fig. 7.11(a) Ripe chilli pods before drying (b) Chilli pods after the solar drying (c) Chilli

pods after the sun drying.
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It has been observed qualitatively that the colour quality of the solar dried chilli pods is
better than that of the open sun dried ones. Further, it has been also noticed that the original
colour of the chilli is preserved in the solar dried sample. As evident from the photographs that
the colour of the solar dryer drying chilli is bright and dark reddish while the open sun dried
chilli is pale and red.

The mass of the moisture evaporated from 20 kg of the chilli while reducing the
moisture content to 9.6% (w.b.) from the initial value of 73.5% (w.b.), was 14.1 kg. The
average intensity of the solar radiation incident on the surface of the solar air heater was found
to be 556 W/m?, and the total area of the solar collector was 4 m?. The power consumed by the
blower was 250 W, and the dryer was operated daily for 10 h. The heat required to
evaporate14.1 kg of moisture was found to be 38.5 MJ. The latent heat of evaporation of water
was taken at an average drying air temperature of 50 °C which is 2.4 MJ/kg. It was increased
by 15% because of the bound moisture (Ayensu and Asiedu - Bondzie, 1986) content.

The total energy input to the drying system during the entire drying period was 356.3
MJ. Applying Eqg. (6.19), the overall energy efficiency of the drying system was found to be
10.8%. The specific energy consumption was found to be 6.8 kW h per kg of moisture which
is close to the value (5.26 kW h/kg) reported by Fudholi et al., 2014a. The electrical energy
consumption per kg of moisture removal was 0.7 kW h which was only 10.3% of the specific
energy consumption. Thus, 90% of the total energy used for drying the product in the newly
developed dryer was harvested from the free and eco - friendly solar energy.

The integration of the heat storage with the solar dryer incurs an additional capital cost.
In this drying system, the second solar air heater is connected in series to the first one to produce
air at sufficient temperature so that the wax in the storage melts completely. If there were no
heat storage in the dryer, the temperature of the hot air produced by the first solar air heater
would have been almost sufficient for the drying application [the average air temperature (47
°C) at the outlet of the first solar air heater was close to the average air temperature (50 °C) at
the inlet of the drying chamber]. While designing the dryer, the area of the solar air heater panel
was estimated considering the amount of energy stored in PCM module and the required
temperature of hot air for the drying application. Therefore, the initial capital cost of the dryer
increases due to the additional cost of the second solar air heater and the heat storage module.

The integration of heat storage into the solar dryer has some benefits too. The main
benefit derived from the heat storage is that it supplies air at nearly constant temperature to the
drying chamber during the cloudy period. Further, it also reduces the risk of overheating of the

product during the peak sunshine hours. The drying process can be accelerated during the low-
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intensity solar radiation period by extracting the heat from the storage and smoothing the drying
air temperature. It eliminates the need for the auxiliary heat source for a small duration during
the fluctuation in the solar radiation.

When the temperature of the drying chamber drops during the drying period due to
cloud cover, the temperature of the product and the wall of the drying chamber also decrease.
Some percentage of the sensible heat has to be wasted to bring back the temperature to the
normal condition after the cloud cover. However, if a constant temperature is maintained in the
drying chamber, this loss can be avoided. Thus, the integration of the thermal storage with the
solar dryer maintains a constant temperature inside the drying chamber which helps in

enhancing the total drying time and improving the quality and quantity of the product dried.
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Fig. 7.12 MR vs drying time of the solar dried and sun dried samples of green chilli.

7.6 Drying of Green Chilli

The dryer was also tested by drying 20 kg of green chilli of the local variety during the period
of 12" March to 16" March 2016. Two samples of 100 g were dried separately in the solar
dryer and the direct sun to measure the moisture loss of the chilli and to compare the drying
time. It was found that the solar dried sample dried faster than the open sun dried one. The
moisture content of the solar dried sample was reduced from the initial moisture content of
83.4% (w.b.) to the final moisture content of 6.7% (w.b.) in 45 h while the sun dried sample
took 80 h as shown in Fig. 7.12. The average drying air temperature in the solar dryer was 42
°C. However, the whole mass of the chilli dried in the main trays of the dryer took longer drying
time (35 h) in comparison to the sample. It was due to the high drying air temperature. The

solar dried sample was positioned near the plenum chamber throughout the drying experiment,
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as a result it was subjected to the high temperature in comparison to the chilli pods dried in the
main trays. The trays located near the plenum chamber were exposed to the high drying air
temperature while the one located at the farthest distance from the plenum chamber was
exposed to the lowest temperature. Therefore, the drying trays were exchanged from one end

to the other end of the dryer every two hours.

Fig. 7.13 (a) Photograph of the freshly harvested green chilli (b) Photograph of the chilli after
solar dryer drying (c) Photograph of the chilli after the sun drying.

The photographs of the chilli pods taken before and after drying are shown in Fig.7.13.
It was observed that the open sun dried sample turned ripe during the drying period resulting
in loss of the original green colour. However, the solar dryer dried chilli pods almost retained
the green colour of the chilli. Therefore, it can be concluded that drying of green chilli in the

direct open sun is not favourable.

7.7 Economic Analysis

Economic analysis of the dryer is carried out based on the annualised cost method (Sreekumar,

2010; Jain and Tewri, 2015). The cost of drying of 1 kg of dried product in the solar dryer has
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been compared with the cost of the product dried in the electric dryer. The cost per kg of dried

product is calculated by the following equation.

C
C, = —2 (7.20)
mdpa

where C, is the annualised cost of the dryer, and mg,, is the quantity of product dried in the
dryer per year.

The quantity of the product dried in the dryer per year is calculated as follows

m,_ = y (7.21)

where m,,, denotes the mass of dried product per batch, N, is the number of days of operation
of the dryer per year, and N,, is the number of drying days per batch. The mass of dried chilli
removed from the solar dryer per batch was 6 kg and the drying was completed in 4 days
operating the dryer daily for 10 h. The dryer is expected to be operated for 250 days per year.

The annualised cost of the dryer is calculated by employing the following equation.
Ca = Cac +Cm _Va +Crf +Cre (7.22)

where C,. is the annual capital cost, V, is the annual salvage value, C,,is the annual
maintenance cost, C,ris the annual running fuel cost, C,. is the annual electricity cost for

running the blower or fan. The annual capital cost is given by

Co =CyF (7.23)

ac c

where C., is the capital cost of the dryer and E_is the capital recovery factor. The capital

recovery factor is given by Eq. (7.24).

i)

. _(1T)”—l (7.24)

The interest rate (i) is assumed to be 10% and the life period (n) is assumed to be 10 years. The

annual salvage value is calculated by Eq. (7.25).
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V. =VF (7.25)

a S

The salvage value (V) is taken as the 10% of the capital cost of the dryer. The salvage fund

factor (F;) is evaluated by the following equation.

i (20

The annual running cost of the solar dryer is the running cost of the blower. However, the
annual running cost of the electric dryer is the sum of the annual energy cost for running the
dryer and the running cost of the fan of the dryer. The annual running cost of the solar dryer is

calculated by the following equation.

Cre = thr X pbl ><CeIe (7-27)

where t, is the annual running hour of the dryer, p,,; is the power consumed by the blower
(250 W), and C,;, is the unit cost of electricity (Rs. 6.25 per unit).

Table 7.1
Cost of the components of the dryer.

Components Cost (Rs.)
Solar air heater 25,000
Thermal energy storage 12,000
Blower 8,000
Drying chamber with trays 20,000
Pipe and fitting 5,000
Total cost 70,000

The annual fuel cost of the electric dryer is given by the following equation.

M h. C
Cq=m B p 7.28
= Ve H 100 jx ( 7o X 3600” (7.28)

where M, denotes the moisture content in dry basis, hy is the latent heat of evaporation, and

14 IS the efficiency of the electric dryer. The efficiency of the electric dryer is assumed to be
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75%. The cost of the electric dryer is assumed to be 50% of the solar dryer. The cost breakup
of the components of the solar dryer is given in Table 7.1 and the summary of the cost analysis

is given in Table 7.2.

Table 7.2

Summary of the economic analysis.

Particulars Solar dryer | Electric dryer
Capital cost of the dryer C,., (Rs.) 70,000 35,000
Life of dryer, n (years) 10 10
Interest rate, i (%) 10 10
Number of operation of the dryer per year (days) 250 250
Annual capital cost, C,. (RS) 11,392 5,696
Maintenance cost, C,, (Rs)

10% of annual capital cost (C,.) 1,139 569
Salvage value, V (Rs.)

(10% of the capital cost) 7,000 3,500
Annual salvage value, V, (Rs.) 439 220
Running cost of the dryer (Rs.) 3,906 24,583
Annualized cost of the dryer (Rs.) 15,998 30,628
Quantity of product dried (kg) per year 375 375
Cost of drying per kg of dried product (Rs.) 42.7 81.4

It has been found from the economic analysis that the cost of drying per kg of dried
product in the solar dryer is Rs. 42.7 while the cost of drying per kg of dried product in the
electric dryer is Rs. 81.4. Thus, the drying cost in the solar dryer is Rs. 38.7 lower than that of
the electric dryer. The percentage saving on the cost of drying per kg of dried product is 47.5%.
However, it is costlier than the product dried in the open sun. The drying cost in the open sun
is almost negligible. The only drying cost involved in the open sun drying is the labour cost.
The labour cost in the sun drying is 100% more than in the solar drying since the product in
the open sun dried in 8 days while it took 4 days in the solar dryer (Fig. 7.9). The colour quality
of the product dried in the sun drying is inferior to the product dried in the solar dryer. The
product dried in the open sun is not hygienic. It was observed that the open sun dried product
was contaminated with dust during the drying period due to the blowing of dusty wind. Though,

the solar drying incurs some expenses in comparison with the open sun drying, the solar drying
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is preferable particularly for drying high value and photosensitive agricultural products such
as Ghost chilli, Ginger, large cardamom, medicinal plants, and black pepper as the solar drying

products preserve its colour, texture, and nutritional values.

7.7 Summary

Twenty kg of a local variety of red chilli was successfully dried in the hybrid dryer in four
sunny days (35 h) from the moisture content of 73.5% (w.b.) to 9.6%. It was also tested by
drying green chilli. The exergy efficiency of the SAH - 1 and the SAH - 2 were 0.9% and 0.8%,
respectively. The exergy efficiency of the solar air heater increased with increase in the solar
radiation intensity. The average energy and exergy efficiencies of the thermal storage varied
between 36.4% and 42.2% and 13.7% and 17%, respectively. The energy storage of the dryer
helped in maintaining higher drying air temperature than the solar heater outlet temperature
after 14:30 h and continuing of the drying operation till 18:00. The temperature of the drying
chamber was maintained within a closer range by the heat storage. The integration of the energy
storage reduced the drying days by increasing the drying hours per day. The specific energy
consumption and the overall efficiency of the drying system were 6.8 kW h per kg moisture
and 10.8%, respectively. The electrical energy consumption was 0.7 KW h per kg of moisture.
The exergy efficiency of the drying chamber varied was in the range of 24.3-98% with an
average of 52.2%.

Economic analysis of the drying system was carried out by annualised cost method.
The cost of drying per kg of dried product dried in the solar dryer was found to be Rs. 42.7

while it was Rs. 81.4 in the electric dryer. However, it is costlier than the open sun drying.
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Chapter - 8

Conclusions and Scope for the Future Work

8.1 Conclusions

This study concerns with the development and performance investigation of a forced
convection hybrid solar dryer consisting of two double-pass solar air heaters, a paraffin wax-
based shell and tube latent heat storage module, a parallel flow drying chamber, and a blower.
The components of the drying system have been sized based on the mass of air and the energy
requirements and fabricated with the locally available materials. It has been tested by drying
Ghost chilli, sliced ginger, a local variety of red and green chilli. The Ghost chilli and sliced
ginger were dried in the dryer without filling the storage with paraffin wax. The kinetics of the
drying process of the Ghost chilli was studied. Energy and exergy analyses of the drying
process of Ghost chilli and the ginger were performed. The dryer was then filled with the
paraffin wax, red chilli, and green chilli of a local variety were dried in the dryer. The
performance of each component of the drying system was evaluated by the energy and exergy
analyses. Eventually, economic analysis of the dryer is carried out by annualised cost method.
The summary of the drying kinetics analysis of the Ghost chilli, the energy and exergy analyses
of the drying process of the Ghost chilli and the ginger, and the performance investigation of

the dryer with the latent heat storage are given in the following sections.

8.1.1 Thin layer drying kinetics analysis of Ghost chilli

Two samples of Ghost chilli were dried simultaneously in the solar dryer and in the open sun
to study its kinetics of drying. In the solar dryer, the air temperature varied between 44 °C and
66 °C, and the sun dried samples were dried in the ambient temperature ranging from 29 °C to
37 °C. The moisture content of the chilli samples dried in the solar dryer and the open sun was
reduced from 85.5% (w.b.) to 10.5% (w.b.) in 123 h and 193 h, respectively. Eleven thin layer
drying models were fitted to the moisture ratio data and regression analysis was performed to
select the best model representing the drying process of the chilli. The best model was selected

based on the criteria of the highest value of the coefficient of determination (R?), the lowest
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values of the reduced square (x2) and root mean square error (RMSE). The important
conclusions of this study are as follows.
e The drying process of the Ghost chilli occurs in the falling rate period.
e The drying rate of the solar dried sample is faster than that of the sun drying
one.
e The Midilli and Kucuk model is the most suitable thin layer drying model to
describe the drying process of the Ghost chilli dried in the dryer.
e The Page and the Modified Page models are the two most suitable models for
the open sun drying process of the Ghost chilli.
e The colour of the solar drying sample is better than that of the open sun drying

one. The original colour is preserved in the solar dried sample.

8.1.2 Energy and exergy analyses of the drying processes of the Ghost chilli and ginger

Nine kg of freshly harvested ripe Ghost chilli and 13 kg of sliced ginger of the thickness varied
between 8 mm and 10 mm were dried in the dryer. The Ghost chilli and sliced ginger were
successfully dried in the dryer in 42 h and 33 h in the drying air temperature varying between
42 °C and 61 °C and 37 °C and 57 °C, respectively. Energy and exergy analyses of the drying
processes of the two products were performed applying the first and the second laws of
thermodynamics. The following conclusions are drawn from this study.

e The thermal efficiency of the solar air heater is affected by the inlet air temperature. It
deceases with increase in the inlet air temperature. The thermal efficiency of the first
solar air heater (SAH - 1) was found to be higher than that of the second solar air heater
(SAH - 2).

e The thermal efficiency of the SAH - 1 was in the range of 22.1-40.2% with an average
of 32% while the thermal efficiency of the SAH - 2 varied between the 8.5% and 19.5%
with an average of 14%. The average overall efficiency of the air heater panel was in
the range of 22.9-23.3%.

e The energy and exergetic efficiencies of the drying process may change during
successive drying and also from product to product. The exergetic efficiency of the
drying processes of both the products was found to be high in the latter stages of the
drying periods

e The exergy efficiency was in the range of 21-98% with an average of 63% for the Ghost
chilli and 4-96% with an average of 47% for the sliced ginger. The sliced ginger drying
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process exhibited higher thermal efficiency and lower exergetic efficiency during the
initial stage of drying. The exergetic efficiency increased with progressing in drying
time. The overall exergetic efficiency of the drying process of the Ghost chilli was
higher than the sliced ginger.

e The specific energy consumption depends on the type of product dried, drying time and
the loading of the dryer. The specific energy consumption of the Ghost chilli (18.7
kWh/kg) was higher than that of the sliced ginger (8.8 kW h/kg).

e The higher exergy and lower thermal efficiencies of the drying chamber manifest

considerable energy loss in the exhaust of the drying chamber.

8.1.3 Performance tests on the solar dryer with the latent heat storage

Twenty kg of red chilli of the local variety was successfully dried in the hybrid dryer in four
consecutive sunny days in the air temperature ranging from 34 °C to 60 °C with an average of
50 °C. The performance of each component the drying system was evaluated by energy and
exergy analyses. The following conclusions are drawn from this study.

e The integration of the energy storage reduces fluctuation in the drying air temperature
and also extends the drying time beyond the sunshine hours.

e The exergy efficiency of the solar air heater increases with increase in the solar
radiation intensity. The exergy efficiency of the SAH - 1 and the SAH - 2 were 0.9%
and 0.8%, respectively.

e The average energy and exergy efficiencies of the energy storage were in the range of
36.4-42.2% and 13.7-17%, respectively.

e The exergy efficiency of the drying chamber increases with increase in the drying time.
The exergy efficiency of the drying chamber was in the range of 24.2-98% with an
average of 52.2%.

e The specific energy consumption of chilli and the overall efficiency of the drying
system were 6.8 kW h per kg moisture and 10.8%, respectively.

e The electrical energy consumption is very less compared to the total energy required
for drying the product. The electrical energy consumption was 0.7 kW h per kg of
moisture which was only 10.3% of the specific energy consumption of the product.

e The cost of drying per kg of dried product in the solar dryer is found to be Rs. 42.7 that
of the product dried in the electric dryer is Rs.81.4.
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It is always desirable to have high energy and high exergy efficiencies of the drying
chamber. The low energy efficiency is the indication of more energy losses from the drying
chamber. The high exergy efficiency means low exergy losses while drying the product and
high exergy outflow of the drying chamber. The high exergy outflow of the drying chamber
indicates that the work potential of the drying air is still available which can be used further.
The exergy outflow of the drying chamber goes to the environment and is wasted. If the outflow
air can be used some way, the energy efficiency of the drying system can be improved.
However, only the outflow air with high exergy can be used further. Therefore, the exergy

analysis plays an important role in the thermodynamics analysis of the drying system.

In this study, it was observed from the exergy analysis of different products that the
exergy efficiency of the drying chamber increased gradually and became the maximum towards
the end of the drying period. The exergy efficiency was minimum at the beginning of the drying
process. Initially, the product contains more moisture on the surface and therefore, the moisture
evaporation rate is high. The moisture content of the product decreases gradually and the drying
air leaves the drying chamber with very low relative humidity at a high temperature. The exergy
outflow of the drying chamber also increases gradually and becomes the maximum towards
the end of the drying period. Therefore, based on the value of the exergy analysis, one can plan
to utilize the exhaust of the drying chamber by recirculating in the same drying chamber or
utilizing it for drying fresh product in another drying chamber. This may improve the energy

efficiency of the overall drying system.

8.2 Scope for Improvement of the Drying System and Future Study

The main objective of this study was to develop a solar dryer integrated with a latent heat
storage module and to dry some of the important agricultural products available in the NER of
India. The dryer has been developed and tested by drying different agricultural products. All
the products have been dried successfully in the dryer. Nevertheless, there is scope for

improvements of the drying system.

8.2.1 Recirculation of the exhaust air

When the dryer was tested, it was observed that the air exhausted from the drying chamber at
high temperature during the peak sunshine hour of the day and also towards the end of the
drying period of all the products. The exergy efficiency was also found to be high towards the

end of the drying periods of all the products. It was due to the low moisture content in the
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product at the end stage of the drying periods. As a result, the heat available in the drying air
was not utilised efficiently for removing the moisture from the products. It indicates that the
exhaust air has the potential for re-utilisation in the drying chamber by heating it further in the
solar air heater. Therefore, an exhaust air recirculation system can be integrated into the dryer

for recirculating the exhaust air towards the last stage of drying.

8.2.2 Improvement in the efficiency of the solar air heater

The efficiency of the first solar heater was found to be satisfactory. However, the efficiency of
the solar air heater (second heater) connected in series with the first was found to be low. The
average efficiency of the second solar air heater was found to be 14.5% while the efficiency of
the first one was 32.5%. It was due to the high inlet temperature of the second solar air heater.
The high inlet temperature caused high absorber plate temperature of the heater resulting in
high convection and re - radiation losses. Another cover plate can be fitted over the existing
one to reduce the re - radiation and the convection losses and to improve the efficiency of the

second heater.

8.2.3 Improvement in the drying chamber

The dryer chamber also needs to be improved further. In order to distribute the hot air more
uniformly inside the drying chamber, an air distributor is required to be placed inside the
plenum chamber. In addition, some percentage of air leaves the dryer without coming in contact
with the surface of the product as air flows parallel to the surface of the product. To effectively
use the air for uniform drying, the movement of the air can be changed from top to bottom and

bottom to top in each stage.

8.2.4 Quality analysis of the dried products

Qualitatively the colour of the products dried in the dryer was found to be better than that of
the same product dried in the open sun. However, quantitative assessment of the quality of the

dried product needs to be carried out.

8.3.5 Conversion of the dryer into mixed - mode - type

The dryer can be modified to operate in the mixed - mode - type by simply replacing the top
cover of the drying chamber with a transparent wall.
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Appendix - B Uncertainty Analysis

Appendix - 1

Sizing of Energy Storage

A.1 Sizing of Energy Storage

A shell and tube type latent heat storage is chosen as the energy storage for the developed dryer
to reduce the fluctuation in the drying air temperature as well as continuing the drying process
for a few hours after the sunset. The desired average drying air temperature for the drying
system is 50 °C. The minimum melting temperature of the PCM should be 5 to 10 °C higher
than the desired temperature of the fluid (Lane et al., 1983). Assuming that a temperature
difference of 10 °C is desired between the air and the melting temperature of the PCM, then
the melting temperature of the PCM should be around 60 °C, and the charging temperature of
the fluid should be around 70 °C. Therefore, paraffin wax of the melting temperature of the
range 58 °C to 60 °C is selected as the energy storage material. The storage unit is basically a
shell and tube heat exchanger. The paraffin wax is stored in the shell side, and air flows inside
the tubes. During the charging process of the energy storage, the heat energy is transferred from
the hot air through the walls of the tubes to the wax. The heat transfer process is reverse during
the discharging process. The storage is designed based on method proposed by Shymasundar
et al., 1992 which is useful for the preliminary design of the shell and tube energy storage. It
is designed for supplying hot air at an average temperature of 50 °C for 2 off - sunshine hours.
The design procedures of Shymasundar et al.1992 for the preliminary design of the shell and
tube latent heat storage are explained in the following sections.

A.2 Design Method

The principle design parameters of the latent heat storage are the effectiveness and the Number
of transfer units (NTU). The definition of NTU is slightly different from the conventional fluid
flow heat exchanger. In this case, only fluid side heat transfer coefficient is considered instead

of the overall heat transfer coefficient.

(a) Determination of effectiveness
The maximum effectiveness of the storage is estimated by Eq. (A.1).
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£ = ! (A.1)
where T; is the initial temperature of the fluid, T is the final temperature of the fluid, and T,,, is
the melting temperature of the PCM.

(b) Determination of NTU.
The NTU of the heat exchanger is determined by the following equation

Emax =1—EXP(=NTU) (A.2)

(c) Determination of parameter ()

=N kf il
ﬂ— u E E (A3)

where Nu is the Nusselt number, k¢ is the thermal conductivity of the fluid, k,; is the thermal

conductivity of the PCM, r; is the inner radius of the pipe, and , is the outer radius of the pipe.

(d). Calculation of F, which is the area of solid PCM formed at inlet of the tube at the end of
the discharge period.

The F, can be calculated from the explicit equation given below developed by Symasudara et

al.,1992.
2nrh, x F,
NTU :ﬁzln(f}rg[%(':)_el(':)] (A.4)
where G,(F)=@+F)Inl+F)-F (A5)

which is solved by numerical method.
Where heon is the convective heat transfer coefficient of the heat transfer fluid (HTF), x is the
distance along the tube heat exchanger, mi is the mass flow rate of the HTF and C, is the

specific heat of the HTF.
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And G,(F) = (A.6)

where p=In(l+F) (A7)

where F is known as the frozen fraction and it is defined as the ratio of frozen region in a radial

plane to the cross section area of the tube.

F =[@_ } (A8)

r

[o]

Where rp, is the radius of the frozen layer of the PCM and r, is the outer radius of the heat

exchanger tube.

(d). Calculation of the non-dimension time variable (z,)
It can be obtained by the following equation
F

= 22) +%[(1+ F)In@+F,)—F,] (A.9)

(e). Calculation of the outside radius of the tube (7;)

It is calculated from the definition of the non-dimensional time variable

0.5

k —-T)Ht

R, —| Ko (T =T (A.10)
Toppf Lsm

(f). Pitch circle diameter (Dy,,)

It is the shortest distance between two adjacent tubes. It can be obtained by employing the

following equation.
D, =2r,(1+F,)* (A.11)

(9). Estimation of the number of tubes (n;;,) and the length of the tube (I;;,)

The number of tubes can be estimated for a given length of the pipe by the following equation.
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NTUm,C,,
sy, = 27h 1 (A.12)
(h). Computation of the tank diameter (D;) or the shell diameter.
The tank diameter is given by
1
D, =D, (2n,+/3/ 7 }? (A.13)
(i). Determination of the tank volume (V;)
The tank volume is obtained from the tank diameter by Eq. (A.13)
D2
V, = nT‘ I, (A.14)
(j). Total volume of the tubes (V)
70y A.15
Vip = Tntbltb (A.15)
(i). Volume of the paraffin wax (V)
Vi =V =V, (A.16)

(). Mass of the PCM (m,, )

The mass of PCM required to supply the hot air at the given temperature can be evaluated by

Eq. (A.17).
mpf = ppfvpf (A17)
(k). Reynolds number
2m,
R, = (A.18)
g, 1

A.3 Determination of the LHS Shell and Tube Parameters
The parameters of the LHS unit are calculated by using the properties of materials mentioned

in Table A.1. The maximum desired outlet temperature of fluid (air) is 50 °C and the minimum
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is 45 °C. The melting temperature of the PCM is 58 °C. Therefore, applying Eq. (A.1), the

maximum and minimum effectiveness of the heat exchanger are found to be 0.75 and 0.60. The

number of transfer unit for €,,,,,, = 0.75 obtained by employing Eq. (A.2) is 1.417. The Nusselt

number for fully developed laminar flow in pipe is taken as 3.66, and then g is calculated

which is equal to 0.74.

Table A.1

Input parameters for heat exchanger design calculations.

Particulars Parameters Value
Desired air temperature 50°C
Ambient air temperature 25°C
Energy storage material Paraffin wax
PCM Melting point temperature 58-60 °C
Solid density 918 kg/m?®
Specific heat of solid 2.384 kl/kg - K
Latent heat of fusion 189 kJ/kg
Thermal conductivity 0.22 W/m - K
Tube material Stainless steel
Tube Diameter of the tube 0.0254 m
Length of the tube 2m
Thermal conductivity 15W/m-K
Mass flow rate 0.012 kg/s
Density of air at 50 °C 0.6158 kg/m®
Air Specific heat 1.044 kd/kg - K

Storage time

Thermal conductivity

Dynamic viscosity

0.0442 W/m - K
2.934 x 1075 N - s/m?
2h

The frozen fraction F, which is the amount of the paraffin wax solidified at x = 0 at

the end of the discharge period is determined by the Newton Raphson numerical method by

solving Eqg. (A.4). The value of F, is 4.94. The value of the non-dimensional time variable

which is equal to 4.52 is determined by employing Eg. (A.9). The outer radius of the tube, and

numbers of tubes are calculated for [, = 2 m by employing Eqgs (A.10) and (A.12). The outer
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radius and the number of tubes are 9 mm and 9.49, respectively. Then the diameter and volume
of the shell are calculated by Egs. (A.13) and (A.14), respectively. The diameter and the volume
of the shell are 0.18 m and 0.05 m3, respectively. The mass of the PCM is calculated by
employing Eqg. A.17 which is equal to 38 kg. A MATLAB programme is prepared to get the
desired parameters of the design calculations of the energy storage with the input parameters

given in Table A.1.

Table A2
Specifications of the energy storage
Particulars Value
Shell material Mild steel of thickness 2.2 mm
Shell diameter (m) 0.18
Shell volume (m®) 0.05
Shell length (m) 2
Tube materials Stainless steel
Tube diameter (m) 0.025
Tube length (m) 2
Number of tubes 9
Mass of PCM (kg) 38
@25.4 mm

@182mm

Fig A.1 Pipe arrangement in the storage
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It is to be noted that the method proposed by the Shymasundar et al. 1992 is used for only
approximate estimation of the parameters. The calculated diameter of the pipe is 18 mm.
However, the actual diameter of the pipe used in the storage is 25.4 mm and 9 nos. tubes are
arranged in the shell as shown in Fig. A.1. One tube is placed along the axis of the shell and

the remaining 8 tubes are placed around the centre tube at an equal distance.

A. 4 MATLAB Programme
MATLAB code of the design calculation of the heat storage

% Design parameters

Ti = 25; % Inlet temperature of air, °C
To =50; % Maximum desired temperature of air, °C
Tomin = 45; % Minimum desired temperature of air, °C

% Properties of Paraffin Wax

Tm =58; % Freezing temperature of paraffin wax, °C

dm = 918; % Solid density of paraffin wax , kg/m?

cm = 2384, % Specific heat of paraffin wax, J/kg-K

H =189; % Latent heat of fusion of paraffin wax, kJ/kg
km =0.22; % Thermal conductivity of paraffin wax, W/m-K
% Properties of air at mean fluid temperature

da = 0.6158; % Density of air , kg/m*

ca=1044; % Specific heat of air, J/kg-K

ka = 0.04418; % Thermal conductivity of air, W/m-K
mu = 2.934*10"-5; % Dynamic viscosity of air, kg/m-s

% Properties of the tube material

kw = 16; % Thermal conductivity of the tube material (SS), W/m-K
emax = (To-Ti)/(Tm-Ti) % Maximum effectiveness

emin = (Tomin-Ti)/(Tm-Ti) % Minimum effectiveness

NTU = -log(1-emax) % Number of transfer unit
Nu = 3.66 % Nusselt number for the laminar flow in a smooth pipe
Bi = Nu*(ka/km) % Bita, a non-dimensional number

% Calculation of the melt fraction (Fo) of paraffin wax (% Melt fraction of paraffin wax,
calculated by bi-section method)
% Fo = x is melt fraction

% The equation used to find out the melt fraction is
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% NTU = log(Fo/F)+(bi/2)(G1(Fo)-G1(F))

% Where G(F)=(log(1+F)(1+17*(1+F)"2/450)/(1+log(1+F)"2/100))+log(1+F)"2

% bi=0.7350

% NTU=1.4171

% F = Fo*(1-emin)

y = (NTU-log(1/(1-emin)))*(2/bi)
Fo=fzero('((log(1+x)*(1+(17*log(1+x)"2)/450))/(1+log(1+x)"2/100))+log(1+x)"2/4-
(((log(1+0.3939*x)*(1+(17*log(1+0.3939*x)"2)/450))/(1+log(1+0.3939*x)"2/100))+log(1+0
.3939*x)"2/4)-1.3211',6)

F=(1-emin)*Fo % Melt fraction at time t and distance, x
GoFo = (1+Fo)*log(1+Fo)-(1+Fo)

tao = Fo/(2*bi)+0.25*GoFo % Tao a non-dimensional time variable
t=2 ; % storage time, h

Ro = ((km*(Tm-Ti)*t*3600)/(tao*dm*H))*0.5 % Outer radius of the tube, m
Dtp = 2*Ro*(1+F0)"0.5 % Tube pitch diameter, shortest distance between two tubes, m

L=2 % Length of the tube, m

ma=0.012 ; % Mass flow rate of air, kg/s

h = (km*bi)/Ro % Convective heat transfer rate between the air and wall of the
tube, W/m? K

n = (NTU*ma*ca)/(2*pi*h*Ro*L) % Number of tubes in the heat exchanger
Dt = Dtp*((2*n*(3/pi*0.5)/pi))"0.5 % Tank diameter, m

Vta = (pi*Dt"2*L)/4 % Tank volume, m

Viu = pi*RoM2*n*L % Volume of tubes, m*

Vpem = Vta-Viu % Volume of wax, m®

mpcm = dm*Vpcm % Total mass of wax , kg

Re = (2*ma)/(pi*Ro*n*mu) % Estimation of the Reynolds number to verify

whether the flow is laminar or not)
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Uncertainty Analysis

B.1 Uncertainty analysis

The uncertainties in the measurement of various parameters occurs due to many reasons
such as calibration, observation, wear and tear, and sensitivity drift. The independent
parameters measured with different measuring equipment during the experiment were
temperature of air, mass flow rate of air, solar radiation intensity, power input, and the mass
loss of the product. The uncertainties in the independent variables are given in Table B.1. The
uncertainties in the dependent parameters are calculated using Eq. (B.1). If an experimental
result N is a given function of different independent variables X; X;, X3, ...... ... X, and if AN
is the uncertainty in the results and AN;, AN,, AN; ... ..........AN,, are the uncertainty in the

independent variable then the uncertainty in the results is given by (Holman, 1994).

1/2

2 2 2 n
AN = ﬂANl + ﬂANZ + ﬂANS L ooo000 u ﬂANn (B]_)
oX, oX, oX, X

For example, the thermal efficiency of the solar air heater is estimated by the following

equation.

_ maC pa (roSAH -1 TiSAH 71)
atlAgy

(B.2)

Then the uncertainty in the thermal efficiency for fixed value of C,,, @ and 7 is given by the

following equation.

2 2 2 2 2
An== [a_ﬁdma] +( on A]:JSAH—lj +(&AﬂSAH—1j +(@A[j +( on AASAH—l]
om, OTosar OTisan ol A4

(B.3)

177
TH-1610_ 13613022



Appendix - B

Uncertainty Analysis

on _ Cpa (TOSAH—l —Tisan 71)

. (B.4)
o, otlAgyy
on 1.005x1000x(45-28) 9.68
om,  0.85x0.95x546x 4 '
m.C
077 _ a ™~ pa (BS)
OTosan atlAgy
on _ 0.019x1.005x1000 001
0Ty 0.85x0.95x546x4
m.C
o _ Maom _go (B.6)
Ol otlAgy
on  0.019x1.005x1000 001
OTgy 0.85x0.95x546x4
@ . rﬁa X Cpa (TOZSAH -1 _TiSAH —1) (B?)
ol otl “Agy,
on __ 0.019x1.005x1000x (45— 28) __ _393x10"
ol 0.85x0.95x 546° x 4
877 L rI"]a x Cpa (ToSAH -1 _T'SAH —1) (B 8)
OAsany atlA’,
on _ 0.019x1.005x1000x (45— 28) _0.184

aASAH

0.85x0.95x 546 x 4°

An = J_r\/(9.68><0.001)2 +(0.01x02)° +(0.01x0.2)" +(-3.23x 10 x3) +(0.184x0.01)

Ay =+3.8%
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Similarly, the uncertainty in the other parameters are calculated by following the same

procedure and the uncertainty in other parameters are given in Table B.1

Table B.1

Uncertainty in the independent variables and some of the dependent variables.

Parameters Uncertainty
Uncertainty in the temperature measurement (°C) 0.2
Uncertainly in the solar radiation measurement (W/m?) +3
Uncertainty in the measurement of mass (g) +0.01
Uncertainty in the measurement of mass flow rate of air (kg/s ) +0.001
Uncertainty in the power measurement (W) 1
Uncertainty in the moisture content (%) +2.3
Uncertainty in the thermal efficiency of the solar air heater (%) +3.8
Uncertainty in the energy efficiency of the thermal storage (%) 5.7
Uncertainty in the exergy efficiency of the thermal storage (%) +5.9
Uncertainty in the thermal efficiency of the drying chamber (%) 2.7
Uncertainty in the exergy efficiency of the drying chamber (%) 5.9
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Appendix - C

MATLAB Code for solving Air Heater Mathematical
Model

% MATLAB programme for solution of the air heat mathematical model
function fcns =db_air(z)

Tc=2z(1) % Average temperature of the cover temperature, K
Tf1=2(2) % 1% fluid pass average temperature

Ta=12(3) % Average temperature of the absorber plate, K

Tf2=2(4) % 2" fluid pass average temperature, K

Tbh=2z(5) % Average temperature of the bottom plate, K
%Atmospheric conditions

Tamb = 298; % Ambient air temperature, K
p=1.0123*10"5; % Atmospheric pressure, N/m?
R=287,; % Gas constant of air, J/kg-K
1=626; % Solar radiation intensity, W/m?
Ti=298; % Inlet temperature of air, K
Va=1.5; % Ambient air velocity, m/s
%Size of air heater

L=2; % Length of solar air heater, m

w=1,; % Width of the solar air heater, m

D1=0.075; % Space between the absorber plate and the glaze, m

D2=0.04; % Space between the absorber plate and the bottom plate, m

th_in=0.02; % Thickness of the bottom insulation, m

Dhl= (4*D1*W)/(2*(D1+W)); % Hydraulic diameter of the space between the absorber and
glaze, m

Dh2=(4*D2*W)/(2*(D2+W)); % Hydraulic diameter of the space between the bottom plate
and the absorber, m

A=L*W; % Area of the absorber plate, m?
Acrl=W=*D1; % Cross section area of air duct, m?2
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Acr2=W*D2 % Cross section area of air duct, m?
ma=0.012; % Mass flow rate of air, kg/s

% Properties of air heater construction materials

Aa=0.95; % Absorptivity of the absorber plate
Ac=0.06; % Absorptivity of the cover plate
Ea=0.92; %Emissivity of the absorber plate
Ec=0.90; %Emissivity of the glass plate

Eb=0.25; %Emissivity of the bottom plate
Trg=0.85; %Transmissivity of the glass plate
k_in=0.026; %Thermal conductivity of the insulation, W/m-K
sig=5.6678*10"-8; % Stefan Boltzman constant, W/m?2-K*
g=9.81; % Acceleration due to gravity, m?/s
Ts=Tamb-6; % Sky temperature, K

hw=5.7+3.8*Va; % Convective heat transfer co-efficient over the glass plate, W/m?-K
hr_t=Ec*sig*(Tc"2+Ts"2)*(Tc"2-Ts"2)/(Tc-Tamb); % Radiative heat transfer coefficient,
W/m?.K

Ds_f2=3.9147-0.016082*Tf2+2.9013*10"-5*Tf2/2-1.9407*10"-8*Tf2"3; % Density of air
atmospheric air, kg/m?
Ds_f1=3.9147-0.016082*Tf1+2.9013*10"-5*Tf1/2-1.9407*10"-8*Tf1"3; % Density of air at
temperature Tf1, kg/m3
Ds=3.9147-0.016082*Tamb+2.9013*10"-5*Tamb”2-1.9407*10"-8*Tamb”3; % Density of
ambient air at temperature, kg/m?
mu_air=(1.6157+0.06523*Tamb-3.0297*10"-5*Tamb”"2)*10"-6; % Dynamic viscosity
of atmospheric air, kg/m s

Cp_air=(1.0057+0.000066*(Tamb-27))*10"3; % specific heat of air, kJ/kg-K

K _air=0.02624+0.0000758*(Tamb-27); % Thermal conductivity of air, W/m-K

% Fluid properties (Air)

mu_f1=(1.6157+0.06523*Tf1-3.0297*10"-5*Tf1"2)*10"-6; % Dynamics viscosity of air at
temperature Tf1, kg/m-s

mu_f2= (1.6157+0.06523*Tf2-3.0297*10"-5*Tf2"2)*10"-6; % Dynamic viscosity of air at
temperature T2, kg/m-s

Cp_f1=(1.0057+0.000066*(Tf1-27))*10"3; % Specific heat of air at Tf1, kJ/kg-K
Cp_f2=(1.0057+0.000066*(Tf2-27))*10"3; % Specific heat of air at Tf2, kJ/kg-K
Cp=(Cp_f1+Cp_f12)/2; % Average specific heat of fluid, kJ/kg K
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K _f1=0.02624+0.0000758*(Tf1-27); % Thermal conductivity of air at Tf1, W/m-K
K_f2=0.02624+0.0000758*(Tf2-27); % Thermal conductivity of air Tf2
nu_fl=(mu_f1/Ds_f1); % Kinematic viscosity of air of the 1% fluid pass
nu_f2=(mu_f2/Ds_f2); % Kinematic viscosity of air of the 2" fluid pass

Df f1=K_f1/(Ds_f1*Cp_f1); % Thermal diffusivity of air the 1% fluid pass , m?/s

Df _f2=K_f2/(Ds_f2*Cp_f2); % Thermal diffusivity of air the 2" fluid pass, m?/s
Pr_fl=(nu_f1/Df f1); % Prandtle number of air of the 1 fluid pass

Pr_f2=nu_f2/Df f2; % Prandtle number of air of the 2" fluid pass
V_fl=ma/(Ds_f1*Acrl); % Velocity of air in the 1% fluid pass, m/s
V_f2=ma/(Ds_f2*Acr2; % Velocity of air in the 2" fluid pass, m/s
Re_fl1=(Ds_f1*Dh1*V_f1)/mu_f1; % Reynolds number of fluid in the 1% fluid pass
Re_f2=(Ds_f2*Dh2*V_f2)/mu_f2; % Reynolds number of fluid in the 2" fluid pass

% Nusselt number for forced circulation

Nu_f1=0.0158*Re_f1"0.8;

Nu_f2=0.0158*Re_f2"0.8;

hc_f1=(Nu_f1*K_f1)/Dh1; % convective heat transfer co - efficient in the 1% fluid pass, W/m-
K

hc_f2=(Nu_f2*K_f2)/Dh2; % convective heat transfer co-efficient in the 2" fluid pass, W/m-
K

% Estimation of Overall top and bottom loss co-eff

U_t=hw+hr_t; % Overall top loss coefficient , W/m?-K

U_b=k_in/th_in; % Overall bottom loss coefficient, W/m? -K
hr_ac=(sig*(Ta"2+Tc"2)*(Ta+Tc))/((1/Ea)+(1/Ec)-1); % Radiative heat transfer coefficient
between the absorber plate and the cover plate, W/m?-K
hr_ab=(sig*(Ta"2+Th"2)*(Ta+Th))/((1/Ea)+(1/Eb)-1); % ); % Radiative heat transfer
coefficient between the absorber plate and the bottom plate, W/m2-K

M1=(2*ma*Cp_f1)/A;

M2=(2*ma*Cp_f2)/A,;

Q1=M1*(Tf1-Ti);  %Heat gain by the fluid in the 1% pass

Q2=M2*(Tf2-2*Tf1+Ti); % Heat gain by the fluid in the 2" fluid pass
To=(Ti+(((Q1+Q2)*A)/(ma*Cp_f2)))-273 % Outlet air temperature of the heater, K
Toi=(Ti+(Q1)/(ma*Cp_f1)); % Outlet air temperature in the first fluid pass, K
eff=(ma*Cp*(To+273-Ti)*100)/(1*A) % efficiency

%Mathematical model of the air heater
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fcns(1)=(hc_fl+hr_ac+U _t)*Tc-hc_f1*Tfl-hr_ac*Ta-Ac*I-U_t*Tamb
fcns(2)=hc_f1*Tc-(hc_fl+hc_f1+M1)*Tfl+hc_f1*Ta+M1*Ti
fcns(3)=hr_ac*Tc+hc_f1*Tf1-
(hc_fl+hr_ac+hr_ab+hc_f2)*Ta+hc_f2*Tf2+hr_ab*Th+Aa*Trg*I
fcns(4)=2*M2*Tfl+hc_f2*Ta-(hc_f2+hc_f2+M2)*Tf2+hc_f2*Th-M2*Ti
fcns(5)=hr_ab*Ta+ hc_f2*Tf2-(hc_f2+hr_ab+U_b)*Th+U_b*Tamb

end

% Initial guess T=[300 312 360 314 312]

% result=fsolve(@db_air, T)
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Appendix - D

Experimental plan

All the experiments were performed at the fixed air flow rate. The other input parameters such

as solar radiation intensity, air temperature and relative humidity of the drying air are nature

dependent.
Exp. | Experiment Independent Constants Dependent variable
No. variable
1 Drying Kinetics -Mass flow rate of | -Air temperature
analysis of | -Solar radiation | air -Relative humidity
Ghost chilli -Electrical energy | -Drying rate
input -Drying time

-Product type

2 Energy and
exergy analyses

of Ghost chilli
and sliced
ginger

-Product type
-Quantity of
product dried
-Solar radiation
intensity

Mass flow rate of
air

-Electrical energy
input

-Air temperature
-Relative humidity
-Drying time
-Thermal efficiency
of solar air heater and
drying chamber
-Exergy efficiency of
the drying chamber
-Specific energy
consumption of
product

3 Performance
test on the solar
dryer with the
latent heat
storage

-Product type
-Quantity of
product dried
-Solar  radiation
intensity

-Mass flow rate of
air

-Electrical energy
input

-Mass of energy
storage material

-Air temperature
-Relative humidity
-Solar radiation
intensity

-Thermal efficiency
of solar air heater,
energy storage, and
drying chamber
-Exergy efficiency of
the solar air heater,
energy storage, and
drying chamber
-Specific energy
consumption
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