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HEATER

ABSTRACT OF THE RESEARCH

.

This thesis presents the design, experimental, and theoretical analysis of a Mixed-mode
Natural Convection Solar Crop Dryer with back up heater (MNCSCDBH). The ultimate
aim of the research is to study the thermal buoyancy characteristics and possible drying
conditions of a mixed-mode natural convection solar crop dryer with integrated collector-
storage and back-backup heater through modelling and experimental studies.
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Experiments were carried out on a laboratory model of the system having similar
geometrical construction as the designed prototype except for the burner used. The
laboratory model was adopted in order to cut down on the cost of experimentation. The
laboratory model, with a loading capacity of 2,262 g of wet agricultural produce, was
designed and constructed at the Mechanical Engineering Laboratory, KNUST.

In all, thirty-one carefully planned tests, twenty-seven under no load conditions and 4 under
load conditions, were conducted on the experimental dryer. The tests under no load
conditions were performed in three modes of heating namely, solar, burner, and hybrid
heating modes, for three different configurations of the plenum inlet gap and vent outlet
gap whereas the tests under load conditions were performed in four modes of heating to
reflect the possible drying conditions to be realised in practice.

The experimental dehydration results showed that in the solar mode of operation, the dryer
reduced the moisture content of pineapple slices from about 1049.43% to 143.91% (db) in
23 hours; from 924.42% to 105.80% in solar drying with back up heating mode in 19
hours; from 1049.43% to 183.55% in burner drying mode in 10 hours; and from 912.23%
to 154.58% in hybrid drying mode in 7 hours. The average values of the moisture pickup
efficiency were 15.24%, 15.30%, 17.22%, and 13% in the solar, solar with back up heating,
burner, and hybrid modes of drying, respectively.

An exergy analysis conducted on the drying air under no load conditions give the minimum
and maximum rate of change of flow exergy values as 93.09 and 4,597.27 kW; 4,012.88
and 13,656.24 kW; and 5,549.866 and 17,319.27 kW for solar, heater, and hybrid heating
modes respectively. These results show that the rate of change of flow exergy increases
with increased heating effect.

Mathematical models, capable of predicting the performance of the MNCSCDBH for three
heating modes were developed. The models were based on a one-dimensional steady-state
operation of the dryer. A MATLAB code was developed and used to predict the
performance of the dryer under no load conditions. The simulation results were validated
with experimental data from the laboratory experiments and the simulation model was
subsequently fine tuned.

Parametric studies were conducted by observing the effects of varying plenum inlet to vent
outlet ratios of 1, 1.33, and 1.5 on the performance of the dryer. Results obtained indicate
that for the proposed sﬁmgniﬁcant improvement can be made by maintaining the
ratio of the vent outlet gap to plenum inlet gap of: 1:1.5.
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NOMENCLATURE

Below is a partial listing of the symbols used throughout the thesis. Those symbols that are used

infrequently are defined appropriately where they are used in the write up. In some cases reference
is made to the equations in which these symbols are used.
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empirical constants in the Angstrom relation
heat transfer area per unit volume of drying bed (equ. 2.4) (1/m)

characteristic area (m’)

ratio of outside unwetted surface area to the evaporating surface
of a wet product (equ. 2.2)
total product surface area (m”)

total inner drying chamber wall surface area (m?)
specific heat capacity of air (k//kg.K )

equivalent heat capacity of the drying chamber (J/kg K)
specific heat capacity of water (J/kg K)

specific heat capacity of the sample (J/kg K)
specific heat capacity of water vapour (J/kg K)

specific heat of calorimeter (J/kg K)

equivalent diameter of product particle (m)
thickness of a material, drying bed thickness (m) (equ. 2.2)
hydraulic mean depth of an air-heater duct (m)

diffusion coefficient (m*/s)
activation or binding energy for diffusion (kJ/kmol)

friction factor

mass transfer coefficient (equation 2.1) (kg/s m®).Pa
view factor

Grashof number

air-mass flux (kg/s.m?)

acceleration due to gravity (m/s?)

total heat transfer coefficient (W/m?* K)
latentheat of vaporisation of free water (J/kg K)
depth of a drying bed (m)

absolutehumidity (Equation 2.113) (kgw/Kgair)
saturated absolute humidity (kgw/kgair)

length of primary col
heat of evaporation of moisture from a product (J/kg K)

heat of vaporisation of adsorbed product moisture (J/kg K)
air mass flow rate (kg/s)
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moisture content
equilibrium moisture content

critical moisture content
moisture content (wet basis)

moisture content (dry basis)

final moisture content, dry basis

final moisture content, wet basis

initial moisture content, dry basis

mass of water removed from a wet product

moisture content ratio of a product or material
Prandtl number

partial pressure of water vapour in moist air evaluated at T’ £

critical pressure of water (212 bar)

vapour pressure of water at surface of wet material
partial pressure of water vapour in moist air

useful energy per unit time per unit area

energy transferred per unit time

energytransferred by convection

Rayleigh number
gas constant of water vapour (J/kg K)

gas constant of dry air (J/kg K)
Reynolds number

universal gas constant
relative humidity of air
sky temperature (K)

average temperature of concrete absorber surface (K)
average temperature of cover glass  (K)
mean temperature of heated air (K)

temperature of drying material or product (K)
ambienttemperature (K)

drying chamber wall temperature (K)

critical temperature of water (K)
boiling point of water (K)

velocity of system drying air (m/ s)

thermal conductivity (W/mK)

Local-wind speed %””

Air thermal expansion coefficient = 1/T (1/K)

— volume (m’)

decimal
decimal

decimal
decimal

decimal

decimal
decimal
decimal

kg
decimal

N/m?

bar
N/m>

N/m?
W/m®
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W
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V, total volume of a wet product (m’)
W width (m) of collector
W, mass of a wet material or product (kg)
W, mass of dry matter content of a wet product or material (kg)
W, mass of water content of a wet product or material (kg)
Greek symbols
a, absorptance of collector cover
@, absorptance of the air-heater absorber plate
AT difference in temperature K
£ bulk porosity
£, emittance of absorber plate
g, emittance of collector cover
7, air-heater efficiency %
M. drying efficiency %
n, pick-up efficiency %
6 temperature of air (or angle between normal to collector °C (deg)
surface and the incident radiation)
7. temperature of product = E
U dynamic viscosity kg/s m
V kinematic viscosity m’/s
128 bulk density kg/m’
£ emissivity of surface
P air mass density (k% 3)
o Stefan-Boltzman constant (W/ m’K 4)
T transmittance of glazing
v angle of tilt
h, convection heat transfer coefficient (W/ m°K )
0. density of the product kg/m’
p., density of water kg/m’
o Stefan-Boltzman constant
T transmittance of collector cover
9; temperature of air (° F)
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Subscripts

ambient

absorber

absorber fluid interface
absorber rock pile interface
burner housing floor
burner rock-pile interface
burner unit

cover plate/glazing/glass cover
collector unit

drying bed

dry bulb

dry basis

dew point

fluid/air

ground

inlet

burner housing wall

outlet

product surface temperature
rock pile

rock pile burner interface
wall of plenum

wall

wet basis

wet bulb




ACRONYM
MNCSCDBH: Mixed-Mode Natural Convection Solar Crop Dryer with Back up Heater

SHM: Solar Heating Model

BHM: Burner Heating Model

HHM: Hybrid Heating Model

AIRFM: Air Flow Model

DCHM: Drying Chamber Heating Model
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CHAPTER ONE
INTRODUCTION

1.1  Background

Sun drying is currently the commonest mode of drying in Ghana. In Ghana, this inefficient
traditional drying technique is used by the rural and commercial farmers to dry about 90 % of the
total agricultural produce (Dapaah, 1991). Most farmers cannot afford to Import expensive
mechanical drying equipment, which is either electricity or diesel engine-powered, with the
additional financial burden of maintenance and other running expenses. Though the traditional
method of drying crops is cheap and environmentally friendly vyet it is labour intensive, and
requires a large area of land to dry a relatively small quantity of crop. In addition, the method
provides no control over the drying process and no crop protection against unexpected rain
and/or strong wind. Furthermore, the crop being dried is subject to contamination by dirt and
infestation by insects, rodents, moulds, and pests. All these problems result in a poor quality
dried product and in post-harvest losses (for example, in Ghana the figure can be as high as 20 to
30 %). The economic consequences to the farmer and to the country arising from these losses

can be substantial (Dapaah, 1991).

Some of the problems associated with open sun drying can be solved through the use of solar
dryers. Solar dryers are less labour intensive, have high temperatures, can produce low relative
humidity heated air which improves the rate of drying and final moisture content of the produce
which is the most important factor that can affect the growth of micro-organisms in stored grains
and agricultural products. Nevertheless, one disadvantage of solar drying is that the dehydration
process is interrupted and is slowed down at night and there can be re-absorption of water by the

partially dried products resulting in the dried product being of poor quality.

When using the sun’s radiation as the energy source for drying, two principal difficulties must be
overcome in order to exploit the full potential of solar dryers: the periodic character and the time

dependence of the solar radiation. The influence of weather changes must be considered.
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The periodic character of the solar radiation can partly be balanced by employing an intermittent
drying operation. However, because the number of hours of available sunshine is very much
dependent on the prevalent weather conditions, the use of a heat storage unit may be needed.
Water can be used as the heat storage medium in indirect systems, and phase-change materials or
a rock bed in direct drying systems.The dependence of the dryer performance on the weather,
especially in large systems, should be minimised by providing an auxiliary energy source, which
would normally be based on natural gas, oil or biomass. It is connected to the dryer by means of

a heat exchanger and operates in emergency situation only.

To overcome the defect of poor quality drying in solar dryers at night and in bad weather a
mixed mode solar crop dryer with integrated back up heater was adopted. The addition of a
transparent top part was to increase the thermal buoyancy during drying to enhance uniform
drying during sun hours.An air vent was used instead of a chimney (see figure 1). This was to

prevent the effect of reversed thermosiphoning observed during night drying by Madhlopa et al
(2006).

The goal of the present study is, therefore, to develop a solar dryer with a storage component for
both solar and thermal energy for drying of agricultural produce.

Figure 1 illustrates the schematic diagram of a conceptual design of such a solar drying system.
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Figurel: Schematic representation of a MNCSCDBH

Ghana lies within latitude 4°46° south and 11°11 north and longitude 3°11° west and 1°11’ east.
Ghana, therefore, receives abundant solar energy all year round. The mean annual solar radiation
received in different parts of the country ranges from 15.84 - 20.16 MJ/m*-day (i.e. 4.4 to 5.6
kWh/m*-day). Mean annual sunshine duration is in the range of 1800 to 2820 hours, with very
little seasonal variation. These conditions make the use of solar energy for drying crops
particularly attractive. This work seeks to achieve in the ultimate a natural convection solar crop
drying system that maximizes the suns radiant energy when available during the day for drying
during the day and provides a means of drying during periods of adverse or unfavourable

conditions.



Description of proposed dryer

The main components of the proposed dryer depicted in figure 1 are: backup heater located at
the base of the thermal storage system(with a flue gas chimney), collector-storage thermal mass,

and semi-transparent drying chamber (with an air-vent). The air vent is located at the top back
side of the drying chamber.

The thermal mass of the dryer is a rectangular concrete absorber that is painted matt black on its

top part and integrated to a rock pile. It is mounted on the top part of the brick wall that houses
the backupheater.

Drying air enters the system through a rectangular opening at the bottom part of the brick wall
and gets into contact with the bare exterior part of the cylindrical burner, without mixing with the
flue gas. The heated air rises, by natural convection, into the drying chamber through another
rectangular openingon the concrete absorber. The heated air, then passes through the drying bed
and exits through air outlet vents located above the doors to the drying chamber. The direct
incident radiation coming through the semi-transparent top part of the dryer will further increase
the moisture absorbing capacity (decrease the relative humidity) of the drying air thus ensuring

uniform drying across all trays.

As the drying air leaves the burner enclosure, it passes through a narrow horizontal rectangular
slot, resulting in contraction and pressure loss. In the collector, the drying air flows from a
narrower cross-sectional area to a wider section at the exit from the collector resulting in air

expansion and pressure loss.

1.2 Objectives of the study

The main objective of the research is to study the thermal buoyancy characteristics and possible
drying conditions of a mixed-mode natural convection solar crop dryer with integrated collector-

storage and back-backup hem modeling and experimental studies.



The specific objectives are to:
(a) develop a mathematical model for the proposed system which incorporates the air heater
model, drying chamber heater model, and the air flow model under no load conditions,
(b) evaluate the overall performance of the proposed system by carrying out appropriate
numerical predictions including:

(i)determining airflow rate through the dryer in the various modes of operation

(ii) determining the air vent outlet and plenum inlet thicknesses that optimizes the dryer

performance,

(c) design, construct and evaluate a small-scale laboratory model of the dryer to be tested in
three modes of operation under no load conditions namely, solar, backup heater, and

hybrid modes using fresh pineapples,
(d) evaluate the principal dryer characteristics: capacity, drying time, and uniformity of
drying

(e) investigate the comparative performance of the backup heater.

1.3  Methodology and technical approach
To develop a mathematical model capable of effectively simulating the performance of the

proposed dryer under no load conditions, the following tasks were undertaken:

e an extensive literature search to develop the theoretical framework and the essential

empirical relations required to formulate the models,
e asmall-scale laboratory model of the prototype dryer was designed and constructed,

e aseries of experiments were conducted on the small-scale laboratory model of the

proposed dryer,
e the computer code was run to simulate the performance of the dryer operating under
varied conditions,
o the predicted resultm;)ared with the experimental data in order to fine tune and
~ validate the model.
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Full investigation of the effect of design variables on system performance would involve
studying the implications of a number of different configurations under varied operating
conditions. In order to achieve an optimal design, data from long-term extensive experimentation
on several designs operating under different climatic conditions is required. This exercise will
be time consuming and costly for the prototype development of the dryer. The alternative is to
perform experiments on a small-scale model under varied preset conditions. The resulting
information, however, must be extrapolated to full scale. The specific rules for doing this are in
most cases unavailable. Furthermore, the small-scale model cannot simulate all the features of
the full-scale system. Alternatively, a mathematical model of the physical system can be
developed and used for investigating the effect of changes in the design and operating conditions
on performance at a relatively low cost. Simulation models, as noted by Diamante and Munro

(1991a), are needed in the development of dryer designs and in the operation of drying systems.

The performance evaluation criteria for solar crop dryers developed by Leon et al (2002) were

extensively used in this research. Parameters measured during experimentation included:

(1) average temperature at vent exit,

(i)  mean temperature of the drying air at the exit of the collector unit

(ii)  temperature variation and mean temperature rise of air inside the drying chamber,
(iv)  mean operating temperatures of the components of the thermal mass,

(v)  the flow rate of air through the drying chamber,

(vi) the drying rates of the material to be dried, and

(vil) ambient temperature

(viii) product surface temperatures

Quantities determined during evaluation included:

Product
Initial Moisture Content: (% w.b)
Average ambiefﬁiémperature, (L)

Average ambient relative humidity, (%)
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Parameters

Quantity loaded (full load), kg

Loading density, kg per m” of solar aperture
Collector area, m’

Tray surface area, m*
Drying time, up tobetween 20% and 35% moisture content on dry basis, (including
nights), hr

Heat collection efficiency, %

Pick-up efficiency, (%)

Average temperature and Relative Humidity of exit air: °C, %

Maximum drying air temperature under no-load conditions, (°C)

Maximum drying air temperatureunder loading, (°C)

Equipment used for instrumentation included:

1. Thermocouples: for temperature measurement

2. Humidity probe/sensor: for measurement of humidity
3. Weather station: for measuring wind speed
4,

Electronic balance for measurement of mass.

Facilities available for the research

e Library and internet facilities, KNUST

e The Mechanical Engineering laboratory, College of Engineering, KNUST
e Weather station

¢ Humidity probes/sensors

e 21X Micrologger

e Electronic l?alance (PM 15-N; Mettler)
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1.4  Organisation of the report

This thesis is organised in seven main chapters. Chapter 1, the introductory chapter, provides the
socio-economic- and technical background information. It outlines the objectives of the study
and the methodology adopted in solving the problem at stake. A summary of the organisation of
the report 1s also provided in chapter 1. Chapter 2 provides the theoretical framework related to
the fundamentals of crop drying, the review of theoretical and experimental studies on solar crop
drying, and crop drying simulation techniques.The mathematical model developed for the design
and predictions of the performance of the proposed dryer configuration is provided in Chapter
3.The description of the laboratory dryer, and the experimental set-ups and procedures are
presented in Chapter 4. In Chapter 5 the results and discussion of all the tests conducted on the
laboratory model are presented, while the simulation results are presented and discussed in
Chapter 6. The comparison of the predicted and experimental results is also included in chapter

6. Chapter 7 presents the conclusions from the study and suggestions for further work.



CHAPTER TWO

THEORETICAL FRAMEWORK

2.0 Introduction

In this chapter, a review of the fundamentals of drying theory is undertaken to gather necessary
information required to successfully design and model a solar drying system. The chapter
provides an overview of the physical, transport and thermodynamic properties of the wet product
along with the psychrometric properties of the drying medium required as input parameters for
developing a drying process model.The review also includes the theoretical and numerical

models currently available for analysing crop drying processes.

2.1 Fundamentals of drying

Drying i1s traditionally defined as an operation during which a liquid, solid or semi-solid feed
material 1s converted into a solid product of significantly lower moisture content. In most cases,
drying involves the application of thermal energy, which causes water to evaporate into the

vapour phase.

Classification of solar crop dryers

Solar crop dryers are generally classified, depending on the mode of heating or operation.
According to mode of heating, solar crop dryers can be categorisedinto: (a) direct, (b) indirect
and, (¢) mixed mode systems with natural or forced circulation of the heated drying air. In the
direct dryer, solar radiation passes through a transparent cover fitted on the top part of the dryer
and is directly absorbed by the crop placed on the drying bed under the transparent cover. In an
indirect dryer, air is heated in a separate solar collector and circulated through the drying bed
where it picks moisture fromthe crop. The mixed mode possesses both features of the direct and
indirect categories of solar dryers. In particular, dryers of the natural-convection variety are
popular because fﬁ’iey are rdat/jﬁﬂjheap and simple to operate and maintain (Soponronnarit,
1995).
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Most solar dryers developed are designed for specific products or class of products. Products
such as pepper, onion, cocoa bean, ginger, corn, mushroom, cassava and coconut, are commonly
dried in Ghana. A systematic classification of available solar food dryers, based on the design of

system components and the mode of utilization of solar energy, is presented in figure 2.

Sular Dryers
Active .Dryﬂt.i Passive Dryers
(Forced Circulation) (Natural Circulation)
Direct I Mixed-mode Indirect |
Box-type Dryers ‘ Cabinet Dryers Tunnel Dryers I

Figure 2Classification of solar dryers and drying modes (Source: Leon et al, 2002)

2.2  Drying Kinetics
In drying experiments, data are usually obtained relating to moisture content and time. These
data are plotted as moisture content M, either on dry or wet basis, versus time, 7. A typical

experimental drying curve is shown in figure 3(a). This curve represents the general case when a

wet product loses moisture first by evaporation from a surface saturated with water, followed in
turn by a period of evaporation from a partially saturated surface of gradually decreasing area,

and finally when water evaperates from the interior of the product.
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Although figure 3(a) indicates that the drying rate is subject to variation with time or moisture

content, this variation can be better illustrated by graphically differentiating the curve and

plotting dﬂ%{ versus M, as shown in figure 3(b), or as d%f VErsus 7, as shown in figure 3(c).

The portion AB represents a warming-up period. Section BC on each curve represents the
constant-rate period. The curve portion CD of figure 3(a) and 3(b) is termed the falling-rate
period, and is typified by a continuously changing rate throughout the remainder of the drying
cycle. The moisture content at which the wet product demonstrates a change from constant rate

drying to falling rate drying is called the critical moisture conten (point C).

(a) Moisture content vs. time

Ln
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I

M, moisture content (d.b)
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o
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(b) Drying rate vs. moisture content
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M
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(¢) Drying rate vs. time
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dM/dt, drying rate
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Figure 3: Periods of drying

2.2.1 Constant rate period.

In this period, drying proceeds by diffusion of vapour from the saturated surface of the material
across a stagnant-air film into the environment. Moisture movement within the solid is rapid
enough to maintain a saturated condition at the surface, and the rate of drying is controlled by the
rate of heat transfer to the surface. The mechanism of moisture removal in this period is

independent of the nature of the product (Porter et al, 1973).

If heat is transferred solely by convection, the surface temperature of the wet product approaches
the wet-bulb temperature of the drying air. However, when heat is transferred by radiation,
conduction or a combination of these and convection, the temperature of the saturated surface is

between the wet-bulb temperature and the boiling point of water.

When the heat for evaporation in the constant-rate period is supplied by heated air or gas, an
equilibrium is established between the rate of heat transfer to the material and the rate of vapour
removal from the surface. The driving force of moisture movement and the internal factors of
Crop resistance to ﬂﬁw, during the censtant rate period, are represented by equation (2.1) (Porter
et al, 1973; Henderson and Perry, 1976; Hall, 1980):

s

——
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where d%{ = drying rate, kg water/s; f, = mass-transfer coefficient, kg/s m* Pa; 4 = area

for heat transfer and evaporation, m*; P, = vapour pressure of water in the product and is

evaluated at the corresponding surface temperature of the product, Ty P, ,, = partial pressure of

water vapour in the air, Pa; 2 = total heat transfer coefficient, W/m* K, T, = the surface

temperature of the material, K; 7, = air wet-bulb temperature, K and 4, = latent heat of

evaporation evaluated at the surface temperature of the material, Jkg.

When 5, is the coefficient of heat transfer by convection only, then 7, under equilibrium
conditions is taken as the wet-bulb temperature of the inlet air, and P, as the vapour pressure at
this temperature. If heat is also supplied by radiation, then 74, is the total of the heat transfer
coefficients by the two different modes and 7., becomes higher than the wet-bulb temperature.

In batch drying in trays, heat arrives at the evaporation surface from the tray walls by conduction
through the wet materials. The total heat transfer under the combined modes of heat transfer is

given by Porter et al, (1973) as:

ho=(h +h)| 1+ 4, 2.2)
l+d,(h, +h)/ k.,

whereh, is the total heat-transfer coefficient; 4, is defined as the ratio of the outside unwetted

surface to the evaporating-surface area; d; is the depth of the material in the tray; k,, is the

thermal conductivity of the wet material.

The magnitude of drying achieved in the constant rate-period depends upon three external
variables (Porter e al, 1973).: (1) the heat- or mass-transfer coefficient, (2) the area of wet
product exposed to the drying medium, and (3) the difference in temperature or humidity

between the air stream and the wet surface of the product.
For drying calculations, it has been suggested (Porter ef al, 1973) that it is convenient to express

equation2.1) in terms of the decrease in the moisture content rather than the amount of water

13



evaporated. For evaporation from a tray of wet product, assuming no change in volume during
drying, equation (2.1) becomes:

dM h

=-—t (T, -T
” p,d,hk("’ § (2.3)

wherew/w = drying rate, kg water/(s) (kg dry product); p , = bulk density of the dry product

(kg/m’); d, = thickness of the bed, (m). For through-circulation drying, a similar equation is
written of the form

(wa 7 ?;) (2-4)

where a = heat transfer area per unit volume of the bed (1/m); other symbols are the same as
defined for equation (2.3). In practice, the volume of the wet product decreases as the drying
progresses and therefore equation (2.3) or its modified form, equation (2.4) is not totally correct.
To take care of the shortfall in equ. (2.4) a function has to be introduced into the equation to
account for the change in volume. This can be done by carrying out dehydration experiments and
measuring changes in product dimensions and coming out with an empirical relation that
describes the shrinkage of the product in relation to volume, depth, and surface area of the
product being dried.

2.2.2 Falling-rate period.

The falling-rate period follows the constant rate period. The moisture content at which the drying
rate of a product changes from a constant rate to a falling rate (shown as point C in figs. 3(a) -
(¢)), 1s called the critical moisture content of the product. If the desired final moisture content is
above the critical moisture content (for specified drying conditions), the whole drying process
will occur under constant-rate conditions. It has been observed and proposed by several
investigators that, if the ininwnme content is below the critical moisture content, the entire
drying process will occur in the falling-rate period. This period is, generally, divided into two
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- ‘1 ‘ % l i ﬁr:‘
14 aB P b oo
* ! ¥ 9 e r"‘-. “.EL'
—.‘. 8 . ;-i_{.ai'
?Q{.‘ L -"1 '
- ' ] L -
2 _\u‘ ‘“. -i"-':
Jers . %!



zones: (1) the zone of unsaturated surface drying, and (2) the zone where internal moisture
movement controls the drying process (Porter et al, 1973).

In the first period, the entire evaporating surface can no longer be maintained at saturated level
by the moisture within the solid. The drying rate decreases for the unsaturated portion, and hence
the rate for the total surface decreases. The drying rate depends on the factors affecting the
diffusion of water vapour away from the evaporating surface and those affecting the rate of
internal moisture movement. As drying proceeds, the plane of evaporation moves into the
product, and the drying process enters into the second falling-rate period. In drying to low
moisture contents, the falling-rate period predominates in determining the total drying time. This

latter statement 1s supported by experimental evidence of Ayensu and Bondzie (1986).

Studies of internal moisture movement indicate the possibility of several controlling
mechanisms, the more significant ones being postulated as liquid or vapour diffusion, capillarity,
and pressure gradients caused by shrinkage. According to Brenndorfer et al, (1987), the principal
controlling mechanism that explains the migration of moisture from the interior of an agricultural
product to the surface, and its subsequent evaporation from the surface, is diffusion. The general
equation for diffusion of liquid through a porous solid according to Sherwood (1936) is given by

Fick’s law:

oM _ g (ovin (2.5)

ot
Equation 2.5 has been applied by several researchers (Becker and Sallans, 1956; Steffe and
Singh, 1982; Suarez et al, 1980) to model the rate of moisture removal from wet products during
the falling-rate period under the assumption that the functional dependencies of D are known or

can be estimated.

The following relationship can also be used to describe the rate of drying in the falling-rate

period (Sokhansanj and Jayas, 1995):

_dM _ AP — (2.6)

dt dx
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where K is a moisture transfer (diffusion) coefficient, and dP/dx is the driving force for the
moisture movement in terms of water vapour pressure gradient within the product. It must be
emphasised that the choice between equations (2.5) and (2.6) to describe the rate of drying in the
falling-rate period depends on whether concentration or vapour pressure gradient is considered as

the potential for the moisture movement.

2.3  Drying: modelling requirements and dryer design calculations

An information flow diagram for a drying model is shown in figure 4. The part of the model that
contains equations for heat and mass transfer phenomena is termed the process model, while the
equations describing the dependence of drying conditions on transport properties form the

properties model.

Design |
Conditions(air Process ML Mu:tdel Results (material
humidity, (heat and mas T <ol moisture content and
temperature and equations) temperature)
A E

Transport properties
(moisture diffusivity, thermal conductivity, heat
capacity, heat and mass transfer coefficient, etc.

Properties model

» (empirical equations describing the
effect of various factors on transport
»| properties)

Empirical constants

_;F}gure 4 Drying medel information flow diagram
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2.4 Thermo-physical properties of agricultural products

In the food processing industry, most processes involve heat transfer operations. Knowledge of
thermal properties of food materials is a must, so that energy-efficient processes and equipments

can be attained. The major thermal properties of foods are specific heat, thermal conductivity and

thermal diffusivity.

This section presents some of the thermal and physical properties of food substances required for

the heat transfer analysis of food substances.

2.4.1 Moisture content of agricultural products

Although not a property itself, water content significantly influences all thermal properties.

Values of specific heat and latent heat of vaporisation are calculated directly from water content.

The moisture content of agricultural products is commonly defined as a fraction by mass on a

wet or a dry basis.The wet basis moisture content (M., , . kg moisture per kg wet solids) is

defined as

This method of expressing the moisture content tends to give incorrect impression when applied
to drying, since both the moisture content and the basis on which it is computed change as drying

proceeds (Henderson and Perry, 1976).

The dry basis moisture content ( A/ ..., » Kg moisture per kg dry solids) is defined mathematically

as.

The moisture content on dry basis is recommended (Porter et al, 1973) for the analysis of

experimental drying data sincc’tﬁéﬁﬂdf'tion of dry matter is constant at all moisture levels.

The relationship between M, , and M, , is
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M

M. = (I—Mt:p) ............................................................................. (2.9)
Mﬂ‘, »
M,, = (1+M:p) .............................................................................. (2.10)

At low moisture levels, A/, ~and M, » are numerically very similar. For example, a wet basis
moisture content of 5% (M, » =0.0500 kg moisture per kg wet solids) is equivalent to a dry

basis value of 0.0526 kg moisture per kg dry solids. In contrast, there are large differences at

higher moisture contents: M »=0.50, for instant, is equivalent to A/ ed.p, =1.00.

The quantity of moisture (m,,, in kg) to be evaporated from a crop to bring it to a safe level for

storage 1s defined in terms of the initial and final moisture contents of the Crop as

The procedures for determining the moisture content of products are classified as primary and
secondary methods by Henderson and Perry, (1976) or direct and indirect methods by Brooker et
al, (1974) and Hall, (1980). The primary (or direct) procedures are such that the moisture in a
sample is removed and the quantity is determined by weighing or measuring. The secondary (or
indirect) procedures namely, electrical resistance methods, dielectric methods, chemical
methods, hygrometric methods, neutron scattering method and the nuclear resonance-absorption
method all involve the measurement of a property of the material including mechanical,
electrical, or thermal property, which is related to moisture content and must be calibrated
against a standard primary method. The two most common and useful primary procedures for
determining moisture content are the vacuum oven and the air oven method (Brenndorfer et al,
1987). In the vacuum oven method, a given sample of a wet material is placed on a metal dish in
a vacuum oven at 70° C and dried to constant weight. The ratio of the difference in the initial
and final weights of the material to the original weight of the wet material, gives the moisture
content fraction on wet basism oven method, a sample of the wet material of known
weight is placed on a metal dish in an air oven at 105° C and dried to a constant weight. The

—
_—#-

moisture content fraction on wet basis is then evaluated as in the vacuum oven method.
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2.4.2 Specific heat capacity

drying of agricultural crops, since the pressure change is very small. The pressure dependence of
specific heat is very little for solids and liquids until extremely high pressure is encountered,
Specific heat is also a function of temperature; however, it has been established that at ordinary

temperatures and over temperature intervals which are not too great, specific heat may be

considered as a constant physical property.

Many articles have been reported on the determination of specific heat of agricultural crops.

Most of this research involved determination of specific heat by the method of mixtures or by the

method of differential scanning calorimetry (DSC). The DSC instrument is very expensive and
is hardly used. The method of mixtures consists of adding a given quantity of a given crop to a

known mass of water in a calorimeter. The equilibrium temperature, 7, attained by the

calorimeter and its contents is then noted. At equilibrium, the heat lost by the crop is equated to
the heat gained by the water and the calorimeter, from which relation the specific heat is

calculated as:

Com (T, = T) = m, C, (T, <T,) + m,C, (T = T) (2.12)

oo e

where the subscripts ¢, s and w refer to calorimeter, dry sample and water respectively, and T
the initial temperature of the sample, 7, initial temperature of the calorimeter and water. The

specific heat capacity of the wet sample is then expressed as:

C,=C, + C,.M,, (2:13)

where C, is the specific heat of the dry matter, C o 18 the specific heat of water and M, is the

moisture content of the material on dry basis.

Siebel (1892) proposed that the specific heat of food materials might be estimated from the
weighted sum of the specific heat of water and that of the solid matter. These equations have

long been used and-reported in the Titerature (ASHRAE, 1989 and Wallapapan er al, 1986) and

they are given as:

e

o —
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C, =084 + 0.0335M,,, , (for values above freezing) (2.14)
C, =084 + 00126 M,,, , (for values below freezing) (2.15)
where: C, is the specific heat, kJ/kg K, and M, ,» 1s the moisture content, % wet basis.

Equations 2.14 and 2.15 are recommended by Wallapapan ef al, (1986) for estimating specific
heat only when data are lacking and there are no better alternative methods of determining the

specific heat. It is reported by Choi and Okos (1986), that the equations proposed by Siebel are
limited to food products with relatively high moisture content.

2.4.3 Heat of vaporisation or latent heat of moisture from a crop

The heat of vaporisation or latent heat of moisture from a crop is defined as the energy required
to vaporise moisture from the crop. Its value is determined at the wet-bulb temperature of the air
in contact with the surface of the crop (Daly, 1992). The energy required to vaporise water from
a crop is dependent upon its moisture content, and its temperature. The lower the moisture

content and the temperature, the higher the heat of vaporisation.

Othmer (1940), starting with the Clapeyron equation, developed the following relationship for

calculating the heat of vaporisation of absorbed moisture from a product:

log P _ L_:+q (2.16)
logP, A,

£

where P, and P! are vapour pressures and h},g-and L, are the heats of vaporisation of free water

and of the adsorbed crop moisture, respectively. The constant ¢ is product- and temperature-

dependent.

The heat of vaporisation has been observed to decrease steadily with temperature (Liley and
Gambill, 1973). A known or calculated value of the heat of vaporisation of moisture from a wet

product at a known temperature may be accurately extrapolated to other temperatures with the
Watsen's correlation (Reid er al, 1987):
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| -5/T, Y
L= L..(ﬁﬁ] Q217
where n = 0375 or 0.38 and 7 (= 647.3 K) is the critical temperature of water. A dimensionless

equation which allows one to estimate the heat of evaporation at any temperature without the
vapour-pressure data is given by Liley and Gambill (1973) as:

T b LB
I =RT,T, '"‘P“’((T:- ;;’),, @.18)

where,
1., is the boiling point of water, £, (221 bar) is the critical pressure of water, and R, is the gas
constant for water vapour. Equation 2.18 gives an average error of about 5%.

2.5 The dynamics of drying wet products

This section talks about the availability of water molecules for dehydration in relation to water
binding mechanism. The sorption isotherm is used to explain hysteris exhibited by many wet
products under adsorption and desorption conditions.

2.5.1 Equilibrium moisture content (EMC)

The moisture content of a wet solid in equilibrium with air of given humidity and temperature is
termed the equilibrium moisture content (EMC). A plot of EMC at a given temperature versus
the dry-basis moisture content of the solid is called the sorption isotherm (Baker 1997). An
isotherm obtained by exposing the wet solid to air of increasing humidity is termed the
adsorption isotherm. That obtained by exposing the solid to air of decreasing humidity is known
as the desorption isotherm. The latter is of interest in drying as the moisture content of the solids
progressively decreases. Most food materials display ‘hysteresis’ in that the two isotherms are
not identical. e

mp——
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Figure 5 Typical sorption isotherms showing hysteresis

Figure 5 shows the general shape of the sorption isotherm for food material. They are
characterized by three distinct zones, A, B and C, which are indicative of different water binding
mechanism at individual sites on the solid matrix. In region A, the water is tightly bound to the
sites and is unavailable for reaction. In this region, there is essentially monolayer adsorption of
water vapour and no distinction exists between the adsorption and desorption isotherms. In
region B, the water is more loosely bound. The vapour pressure depression below the
equilibrium vapour pressure of water at the same temperature is due to its confinement in small
capillaries. Water in region C is even more loosely held in larger capillaries. It is available for

participation in reactions and as a solvent (Baker, 1997).

Determination of EMC values may be made under static and dynamic conditions, although the
latter case is preferred. A simple static procedure is to place samples in ordinary laboratory
desiccator containing sulphuric acid solutions of known concentrations which produce
atmospheres of known relative humidity. The sample in each desiccator is weighed periodically
until a constant weight is obtained. Moisture content at this final weight represents the

equilibrium moisture content for the particular conditions.

The value of equilibrium moisture content, for many materials, depends on the direction in which
the equilibrium is approached because it is relatively easier to add moisture to a dried product
than to remove moisture from-a-wet product. For drying calculations the de-sorption values are

preferred as opposed to adsorption values, since they give higher values.

m—
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Equilibrium moisture content can be measured dynamically by placing the sample in a U-tube
through which a continuous flow of controlled-humidified air is drawn. Again the sample is
weighed periodically until a constant weight is reached. Humidified air for this experiment can

be obtained by bubbling dry air through a large volume of a saturated salt solution which

produces a definite degree of saturation of the air.

In the absence of facilities for determining EMC values, a number of theoretical, semi-theoretical
and empirical models have been proposed. Notwithstanding the extensive research efforts in this
area, no theoretical EMC is yet capable of predicting accurately the moisture equilibrium
contents of even cereal grains, the well researched field of study, over the full temperature and
relative humidity ranges. A review of the frequently used EMC models is presented in this sub-

section.

Smith (1947) suggested that static equilibrium moisture content expressed on wet basis provides
an accurate correction to the isotherm equations for shrinking materials. He developed the

following EMC equation:
M, =M, - gln(l -RH) (2.19)

where A/, is the bound moisture content and g is a constant which depends on temperature. The

Smith equation has been found to fit the experimental EMC de-sorption curves of cereal grains

rather well in the region 0.5< RH <0.95 (Becker and Sallans, 1956).

Henderson (1952) proposed the following semi-empirical model for predicting the static

moisture equilibrium curves of biological products, including grains:
1 - RH = g T M (2.20)

in which RH , the relative humidity is represented as a fraction; 7', the absolute temperature, M,

, the static equilibrium moisture content, %, d.b.; and cand#» are material-dependent constants.
Henderson’s equation; in the form described above, has been found to be inadequate for cereal
grains (Brooker ef al, 1974).m of empirically established modifications of the
Henderson equation have been proposed. Day and Nelson (1965) modified Henderson’s equation

for calculating the EMC values for wheat as
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1 -RH = exp(-M,") (2.21)
Where,
f =(5.7336x10"" )0,
k = 14.8630, 047
and @, is the temperature, °F.
Thompson (1967) modified the Henderson’s equation for corn as:
L - RH = exp|-3.8195x10%° (T +50)M, "] (2.22)

Data from drying of hygroscopic materials have also been fitted to an empirical relation of the
form:

M, .
h[p +p,RH+p,RH’ +p,RI’ )=qﬂ+(q'+quH+quH’+q4RH’+quH‘)Tm
o ¥l 2 3

(2.23)

Testing of expression (2.23) was performed for hygroscopic data of rice (Anon, 1962), coffee
and corn (Teter and Citelly, 1970) and cassava (Roa, 1974). The results were found to be
adequate for practical applications. The values of the constants p, and g, are listed in the

literature (Roa, 1974).

An EMC equation based on the potential theory and a simplified equation of state was developed
by Chung and Pfost (1967). The equation is of the form:

In(RH)= R";f exp(-BM, ) (2.24)

0 “abs

where constants 4- ﬁnd B are temperature-dependent and M, is the static equilibrium moisture
content, dry basis. The constants 4 and B can be calculated for shelled corn from the following
relationships (Brooker er al, 1974)
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InA =R, T, (1.544x10? - 1.383x10° T2 ] (2.25)
B =R,T,,(3.211x10? + 2.069x10° ) (2.26)

where 1, denotes the absolute temperature in °R. Equation 2.24 is valid if 0.20 <RH< 0.90.

beans, dried peas, cereal derivatives other than flour, oilseeds and almonds, the Hasley relation

was found to be the best.

2.5.2Drying constant.

The drying constant depends on both material and air properties since it is phenomenological
property representative of several transport phenomena. It is a function of the material moisture
content, temperature, and thickness, as well as air humidity, temperature and velocity (Marinos-
Kouris and Maroulis, 1995). Lewis (1921) suggested that during the drying of porous
hygroscopic materials in the falling-rate period, the rate of change in material moisture content is
proportional to the instantaneous difference between material moisture content and the expected
material moisture content when it comes into equilibrium with the drying air. If it is assumed that
the material layer is thin enough or the air velocity is sufficiently high so that the conditions of
the drying air (humidity, temperature) are kept constant throughout the drying of the material, the

thin-layer equation has the following form:

% = -K(M-M,) (2.27)

whereM (kg/kg) is the material moisture content (dry basis), M, (kg/kg) the material moisture
content in equilibrium with the drying air (dry basis), and 7 (s) is the time. The drying constant is
estimated by fitting the thin-layer equation to experimental data. If the controlling mechanism of
moisture removal during a drying process is diffusion then the drying constant can be determined

as a function of moisture diffusivity. For slabs, for example, the following equation is valid:

K = n°D/1? (2.28)
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where D (m”/s) is the effective diffusivity and L (m) is the thickness of the slab. In the drying of
grains, Henderson and Pabis (1961) showed that the drying rate coefficient X can be related to

the effective diffusion, D, and an equivalent grain radius, R, by:

nE

L (2.29)

O’Callaghan (1954) observed that for wheat, in the temperature range 10-66° C, the drying
constant is independent of the relative humidity of the drying air but is dependent on its

temperature. He proposed the following equation:
K = Aexp(BT) (2.30)

Henderson and Pabis (1961) proposed an Arrhenius-type equation to relate the thin-layer drying

constant to drying air temperature.
K = pexp(-q/T) (2.31)
where p, q are material-dependant constants.

Syarief ef al (1984) observed that the drying constant of sunflower seeds is a function of the

drying air temperature and its relative humidity according to the equation:
K = 5.16x10*T"*¥ + 3.45x10°RH’ (2.32)

Nellist (1974) observed during the drying of ryegrass seeds that the inclusion of moisture content

and humidity in the form:

K =aexp(bT+cH+dM,) (2.33)

improved the fit of the curve to the experimental data.

2.5.3Moisture diffusivity
Diffusion in solids during drying is a complex process involving several mechanisms including

liquid-and vapour diffusion, surface diffusion, hydrodynamic or bulk flow, and capillary flow
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(Marinos-Kouris and Maroulis, 1995). Combining all these phenomena into one. the effective
m:-:bedeﬁnedﬁokak'shw(mEquﬁonlS).Tabk | gives some literature
values of the effective diffusivity of moisture in various materials.

Table 1: Effective moisture diffusivity in some materials

Material Moisture content Temperature Diffusivity
fraction (kg/kg d.b) o) ALY
MT&T" <370 26 2.6x107 - 2.6x10°
Apple 0.12 60 6.5x 10 - 1.2x10™"°
0.15-7.0 30 - 76 1.2x10™" - 2.6x10™"
Avocado 31 -56 1.1x 1077 - 3.3x10™
Beet 0.10 - 0.65 65 1.54x10”
Biscuit 0.10-0.65 20-100 9.4x10” - 9.7x10*
Bread 0.10 - 0.70 20 - 100 2.5x10” - 5.5x107
Carrot 0.03-11.6 42 - 80 9.0x10"" - 3.3x10”
Com 0.05-0.23 40 1.0x10™"% - 1.0x10™"°
Com 0.19-0.27 36 - 62 7.2x10™"" - 3.3x10™"
Muffin 0.10 - 0.65 20 - 100 8.4x10"° - 1.5x107
Onion 0.05-18.7 47 - 81 7.0x10""_.4.9x10"
Fish muscle 0.05 - 0.30 30 8.1x10"" - 3.4x10"°
Pepper, green 0.04 - 16.2 47 - 81 5.0x10" - 9.2x10”
Pepperoni 0.19 12 4.7x10"" - 5.7x10™"

Source: Marinos-Kouris and Maroulis, 1995
Moisture diffusivity for food materials have been found to depend on several factors including
temperature, moisture content, shape of the material, and relative humidity of the surrounding
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medium. However, because of the problem with the measurement of the product temperature
some authors have measured the air temperature instead of the product temperature (Igbeka et al,
1976). Husain ef al (1972) suggested that for high moisture foods, the use of variable diffusivity

in a model describing a drying process is appropriate, if shrinkage effect is neglected.

Pabis and Henderson (1961) expressed the dependence of diffusion coefficient at high moisture

levels with temperature in terms of an Arrhenius-type expression:

D = D,exp(-E/RT,) (2.34)

where,

D, (m” /s) is the Arrhenius factor, £ (kJ / kmol) is the activation energy for diffusion at high
moisture levels, R (kJ / kmol K) the gas constant, T, (K) the temperature of the material.

Xiong et al (1992) postulated that the decrease in the effective diffusivity at lower moisture
contents is a result of a decrease in the availability of water molecules for diffusion. Their
resulting expression relating the effective diffusivity and the proportional amount of free water is

of the form:

Kexp(-E,/RT,)

D =D exp(-E../RT
oCXP(-Ey g)l + Kexp(-E,/RT))

(2.35)

where E, is the binding energy and is inversely related to the moisture content (Iglesias and

Chirife, 1982), and X is an equilibrium constant. At higher moisture levels (> 70% wet basis)
the binding energy is zero signifying that at these levels the effective moisture diffusivity is

independent of moisture content.

2.6  Psychrometry in relation to drying

Two processes occur simultaneously during the thermal process of drying a wet product: heat
transfer, to change the temperature of the wet product and to evaporate its surface moisture, and
mass transfer of moisture to, mm;quent evaporation from, the surface of the product to
the surrounding medium. The drying medium is moist air, which is a binary mixture of dry air

_r——-—--._
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and water vapour. Relationships that can be used to mode] the inter-relationships between air

and water vapour are provided in the literature (ASHRAE, 2009).

The water vapour saturation pressure for the temperature range of 0 to 200° C is given by
(ASHRAE, 2009):

In(p,,) = C,/Ty +C, tC. 1 +C4Td,b2 - Cde; +CIn(Ts) (2.36)
where C, =-5.800 220 6 x 10°, C, = 1.3914993, C;=-4.864 023 9x107,

E 04108 X107, C; = -14452093x10%, C; = 6.545 967 3andTy, is the dry-bulb

temperature.

or by (Brooker et al, 1974):

A + BT, SECH . DT, ° + ETdb"] (2.37)

e =ildex
p( F Tdh ¥ GTdb2

where,

P, = saturated water vapour pressure of the drying air, N/m?

v§

R = 0.2210564925x10°, A = -0.274055258361x10°,B = 0.54189x102,
C = -0.451370x10", D = 0.2153214x10* E = -0.462027x10°®
F = 0.241613x10,G = 0.121547x107

1; = dry bulb temperature, K.

The absolute humidity of moist air (kg water vapour/kg dry air) in the temperature range of 255
K to 533 K is given by:

_ 0.6219P, (2.38)
Pam i Pv

_H"-ﬂ--
-

H

where, P, is the partial pressure of water vapour in the moist air sample which is evaluated from

equation (2.37) or (2.38) by putting 7, equal to the wet bulb temperature of the surrounding air.
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The saturated humidity, A, , is the absolute humidity of moist air saturated with respect to water

at the same temperature, 7, and pressure, P. Its value is obtained from the equation (2.38) by

pllttlllg ‘F:! T R.:s,wb :
The wet-bulb temperature can be estimated from the relationship below (ASHRAE, 2009)

(2501(H, - H,') + 6,,(1.805H, + 1))

0 — . 2,
: (1-2381H," + 4.186H, ) (&)
where H, is the humidity of moist air at saturation thermodynamic wet-bulb temperature,
or from the following relationship given by Brooker e al, (1974)
P‘US i P\-"S W
] =0 w (2.40)
B
where,
1006.9254 (P, . =P |1 +40.15577P, . /P,
e ( ,wb lm)( ,db/ tm ) (2.41)

0.62194h, .,

and the latent heat of vaporisation of water vapour from moist air, % 1 » (J/kg) is calculated using

one of the following relationships (Bakker-Arkema et al, 1978):

h, = 2502535.259 - 2385.764244(T - 338.72), for273<T<339K (2.42)

h,, = (7329155978000 - 15995964.08T2) ", for 339 <T<533K  (2.43)

To evaluate the wet-bulb temperature by using either equation (2.39) or (2.40) requires a trial
and error or a numerical solution method. The latent heat or heat of evaporation is evaluated at
the wet-bulb temperature of the air in contact with the surface of the product (Daly, 1992). This
statement assumes that at steady-state, the temperature of the wet surface of the material being
dried is equal to the wet-bulb temperature of the air in contact with the surface of the product.

However, in a mixed mode dryer since the surface temperature of the wet product is greater than
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the wet bulb temperature of the surrounding air, it is reasonable to assume a value of about 5 to

15K more than the wet bulb temperature as an initia] guess.

The dew-point temperature, 8, of moist air with humidity A and pressure P is defined by
(ASHRAE, 1993)

Fy(t;) = P, = (pH)/(0.62198 + H) (2.44)

where, Py is the water vapour partial pressure for the moist air sample and Py(ty) is the saturation
Vapour pressure at temperature ¢,. Alternatively, the dew-point temperature can be calculated

from the following equation (ASHRAE, 1993)

0, =a+ ba + ca? + do® + e@. "% (2.45)
where, 6, = dew point temperature, °C
o = In(Py)
/&l = Water vapour partial pressure, kPa

a = 6.54, b=14.526, ¢=0.7389, d = 0.09486 and ¢ = 0.4569

The specific volume of moist air (m’/kg. dry air) can be determined, by assuming ideal gas
behaviour, by the following equation (ASHRAE, 1989):

V= =4l (1+1.608H) (2.46)
Pahn

The density of moist air is evaluated as the recipi'ocal of the humid air specific volume from

equation (2.46).

The relative humidity fraction is calculated from the following relation given by (Daly, 1992):

.'--r'-_- 1 P
RH = P - 66,6/"—22 (g -0 2.47
=P { V2, 10,000]( R ) } all

or from the definition
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P"J
RH = (2.48)

va, db

where, 6, and 0, are the dry-bulb and wet-bulb temperatures in ° C , Py and P, are the

saturation vapour pressure in Pa at 6, and 6., respectively, and B 1s the barometric pressure

in Pa.
The specific enthalpy (or total heat) of moist air, per kilogram of dry air, is given by:

i=C .0, + €10y + Hh, (2.49)

where C,, is the specific heat capacity of dry air and the other dependent variables are as

previously defined.

2.7  Drying simulation

This section references the two methods of analysing the rate of drying of wet agricultural
products. The first part considers the drying of the product as individual particles or in thin-
layers and the next section considers the practical situation in which the products are dried in
deep-beds. A review of mathematical expressions describing the drying rate of agricultural Crops
in thin-layers is presented. The use of these expressions in predicting the moisture loss from
crops in conventional dryers is reviewed. The practical importance of thin-layer expressions,
according to Bakker-Arkema et al (1978), is limited since agricultural crops, as they stated, are
dried not as individual particles or in thin-layers; instead, crops are dried in either a stationary or
amoving deep-bed. Nevertheless, the set of equations describing the drying of agricultural crops
always include an expression that describes the rate of moisture removal from a thin-layer.
Hence, in the second part of this section, the method of analysis of drying of a deep-bed of

agricultural crops is reviewed.
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2.7.1 Thin layer drying

A thin layer may be defined, contrary to a deep bed layer, as one in which there IS N0 moisture
gradient through the layer during drying. The thin-layer drying concept assumes that the ratio of
the material volume to air is such that there is only a small change in temperature and relative
humidity of the drying air when it exits the crop bed compared to its inlet conditions (ASHRAE,
1989). In crop drying, material depths of up to 200 mm are considered as thin-layers (Hall,
1975); but as pointed out by Henderson and Perry (1976), even material depths as small as 25

mm provide evidence of moisture gradient and, thus may be considered as ‘deep beds’.

The search for an accurate method of describing the drying rate of a thin-layer of material in a
stream of air at constant temperature, velocity and absolute humidity (constant external drying
conditions) has often been reported in the literature (Karel eral, 1975; Suarez etal, 1980; [gbeka,
1982; Hutchinson and Otten, 1983: and Chiang and Peterson, 1985).

Thin layer drying equations relate the rate of moijsture loss to the drying conditions (drying air
temperature, velocity and relative humidity) and the initial moisture content of the crop; they are
based on empirical studies, or derived from theoretical or semi-theoretical considerations. In the
theoretical approach, the equation is derived from either the diffusion equation or from
simultaneous heat and mass transfer equations. In the semi-theoretical approach, approximated
theoretical equations are used. In the empirical approach, experiments are conducted and
empirical equations are developed to fit the experimental data. The main justification of the
empirical equation is a satisfactory fit to experimental data (Zaman and Bala, 1989) and the
subsequent benefit in describing thin-layer and deep bed drying of crops.

The following mechanisms have been proposed to account for moisture movement in capillary-
porous solids such as agricultural crops (van Brakel, 1980; Brooker ef al, 1974; Bakker-Arkema
et al, 1978):

1) liguid diffusion due to moisture concentration gradient;

2) vapour diffusion due to partial wessure gradient;

3) capillary flow, liquid movement due to surface forces;

m—
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4) surface diffusion, liquid movement due to diffusion of moisture on the crop surfaces;

5) thermal diffusion, vapour movement due to temperature differences; and

6) hydrodynamic flow or filtration, liquid or vapour flow due to differences in total pressure.

Liquid and/or vapour diffusion have been assumed to be the primary mass transfer mechanism(s)
in drying studies on cereal grains and similar products (Hutchinson and Otten, 1983). The most
widely investigated theoretical model in the thin-layer drying literature is the diffusion model,

given by Fick’s law (see equation 2.5).

The assumptions inherent in the diffusion model are as follows:

1) the primary mechanism for moisture transport is diffusion;

2) the principal driving force for mass transport is the internal moisture content gradient;
3) temperature within the kernel is assumed constant;

4) the resistance to moisture flow is uniformly distributed throughout the interior of the material;

and

5) either vapour or liquid diffusion predominates. If both processes occur simultaneously, the

diffusion coefficient must represent the combined effects of liquid and vapour diffusion.

Van Arsdel (1947) suggested that the diffusion equation could be used to describe the rate of
moisture movement from a solid, if the potential for the moisture diffusion is represented by
concentration gradient. Wang and Hall (1961) hypothesised that if the temperature distribution
within a product being dried is assumed uniform, then the diffusion equation with concentration
as the driving force is adequate in describing moisture movement from the product. The selection
of either moisture content gradient or vapour pressure gradient as the driving force for diffusion
has been a subject of controversy. Babbitt (1949) and Bramhall (1979) maintain that vapour
pressure gradient more Eonsistently accounts for experimentally observed phenomena than does
the concentration graciié:nt. ‘Babbitt explains that since vapour pressure is a function of moisture
content and temperature, moisture transfer in response to a temperature gradient follows easily

using the-vapour pressure gradient as the driving force. Referring to this explanation, then under
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non-isothermal drying conditions as experienced in conventional dryers, it might be prudent to

recognise vapour pressure gradient as the driving force for moisture diffusion rather than

concentration gradient.

The exact solutions of the diffusion equation characterising moisture transfer in plane sheets,
finite cylinders and spheres are listed by Young and Whitaker (1971a,b) and Crank (1975). The
solution for a sphere, cylinder and the plane sheet commonly used for simulating moisture

transfer in crops are respectively:

M - Gl
73 =57 Zn—z exp[—-nz D;rzt/rE] (2.50)
M- M 284 .

— = exp(—D t 2.
MM Eaza; xp(-D a,” 1) (2.51)
M- M e 1

L= — exp|—-(n + 1)> Dr’t / 2° 2.52
V= zzngg(2n+1)2 Sy + 0 D't/ 2] e

wherethe @,' s are the Bessel function roots of the first kind and order zero, D is the diffusion

coefficient, M, is the equilibrium moisture content, M, is the initial moisture content, and M is

the average moisture content at time t in seconds.

Solutions to the diffusion equations are restricted to conditions where the temperature, humidity,
pressure, and velocity of the drying air are constant (Hougen et al, 1940). Referring to this
statement, the assumption of a quasi-steady state analysis of the dynamic phenomena of drying

could be justified.

In addition to the exact solutions of equation (2.5), other relations or simplified solutions have
frequently been employed in crop drying analyses. Lewis (1921) suggested that the rate of drying
during the falling rate period is directly proportional to the difference between the actual
moisture content of the material and the equilibrium moisture content, 1.€:

I o, (2.53)
dt
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After separating variables, equation (2.53) can be integrated to equation (2.54) or (2.55):

M-M, |_
1“( M. M. ]"kt (2.54)
M-M

e —exp(-kt
M. M. =exp(-kt) (2.55)

Equation 2.54 or 2.55 is commonly known as the exponential model. It was derived based on the

approximated differential equation for diffusion on the following assumptions:
a) the resistance to moisture movement is concentrated in a layer at the surface of the material,

b) the initial moisture content of the material is not very high (less than 100 to 200 per cent on
dry basis, depending on the material), since the drying rate no longer increases with moisture

content but remains constant,
¢) the material does not shrink greatly during drying , and

d) the drying coefficient , k , is a constant, though for a given material it varies with rate of

diffusion and of surface evaporation and with its thickness.

It has been noted (ASHRAE, 2009) that equation (2.54) or (2.55) alone does not describe the
usual drying process where grain is dried in a deep-bed because the drying air changes condition
but does not necessarily reach moisture equilibrium with the crop. This notwithstanding, it has

been widely used by a number of researchers.

Sherwood (1936) contends that equation (2.53) should not be applied to the constant-rate drying
period. If no constant rate period occurs, according to Sherwood, equation (2.53) will hold
reasonably well, particularly when the drying curve is in the falling rate period. Sherwood (1936)
noted that in certain slow-drying solids no constant rate period appeared, and internal liquid
diffusion controlled the process from the start. The models of Lewis (1921) and Henderson and
Pabis (1962) assumed that all the resistance to moisture flow was concentrated in a layer at the
surface of the matcriJ On the other hand, if it is assumed that the resistance to moisture flow is

uniformly distributed throughout the interior of the material, then the fundamental diffusion
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equation would be an appropriate model describing the rate of moisture loss from an agricultural
crop (Sherwood, 1936).

A modified form of the basic exponential drying equation, sometimes referred to as the Hustrulid
& Flikke equation (Hustrulid and Flikke, 1959), has also been used by a number of researchers
(Ross and White, 1972; Sharaf-Eldeen et al, 1980; White et al, 1981; Chiang and Petersen, 1985;
Patil and Ward, 1989; Diamante and Munro, 1991b, 1994); it is of the form:

M-M

e

M,-M,

= aexp(—kt) (2.56)

Equation (2.56) has been one of the most widely used equations in modelling drying rates of
crops of high moisture content (Chirife and Cachero, 1970; Vaccarezza et al, 1974; Igbeka,
1982; Diamante and Munro, 1993).

M-M 7’ D
e — gexp(b i 2.57
M =i TR (&4

An alternative approach to the analysis of thin-layer drying data has been to use purely empirical
relationships. Very good fits of experimental data have been reported by researchers using purely
empirical relationships (Hutchinson and Otten, 1983; Morey ef al, 1978; Brooker et al, 1974).
One equation that has been widely used in thin-layer studies of a variety of materials

(Hutchinson and Otten, 1983) is Page equation.

Page (1949) (cited by Hall and Rodgriguez-Arias, 1958 and Van Rest and Isaacs, 1968), on the

basis of his investigation on the basic drying rates of shelled corn at Purdue University, proposed

=, . aﬁh_:l‘—”""l_

. an empirical equation for describing thin-layer drying of the form:

I

M-M
¢ =exp(—kt" (2.58)
Mt = k)

- where 7 is an experimental constant, and the value of the constant k was determined on the basis

. of time, ¢, expressed iﬁhalf—respon;cmfPage found that the constant » was a function of the
 relative humidity and obtained values of 0.60, 0.65 and 0.83 for relative humidity values of 35,

- 50 and 70% respectively, and 0.68 for £.

1‘
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Li and Morey (1984) obtained satisfactory fits for their drying data using equation (2.57) and
found that within the limits of drying airflow rates and air relative humidity values used, k and n
can be expressed as functions of air temperature and initial grain moisture only. Their equations
for k and n apply to air temperatures ranging from 27 to 116° C, initial grain moistures in the
range of 23 to 36% dry basis, airflow rates from 0.27 to 1.34 m/s, and air relative humidity
ranging from 5 to 40%.

Equation (2.53) may be modified to include the dependence on sample thickness as a
simplification of the Fick’s diffusion equation to give the modified Page equation (Diamante and
Munro, 1991b):

sl =exp(=k[t/ L*]") 259
M, -M I\ (2.59)

The effect of air dry bulb temperature on drying is well documented in the literature (Igbeka,
1982; Hutchinson and Otten, 1983; Chiang and Petersen, 1985). Contrary to the observation of
Diamante and Munro (1991b), several investigators have shown that air relative humidity below
20% has an insignificant effect on drying rates (White et al, 1973; Chiang and Petersen, 1985).
It is revealing from the above studies that the effect of the air relative humidity on the rate of
drying cannot be ignored. A number of researchers have chosen to neglect the effect of air flow
rates in the analysis of thin-layer drying data, citing the conclusion of Henderson and Pabis
(1962) that resistance to moisture movement at the surface is negligible compared to internal
resistance for turbulent flows, which occur in most conventional dryers. However, Islam and
Flink (1982) pointed out that at air velocities of 2.5 m/s or less, the external mass transport
resistance is significant and needs to be considered in the analysis of the drying data. The study
of Diamante and Munro (1991b) showed this to be the case for air velocity within the range of
0.5-3.0 m/s. In natural convection solar dryers, air flow rates are relatively low enough for

external mass transport resistance to be considered.

Thompson, Peart and Foster (1968) performed a series of thin-layer drying test at Purdue
University in 1963.-The main variableof their investigation in the tests conducted was the drying
air temperature; however, other explanatory tests were performed to evaluate the effect of

airflow tate and the product (corn) variety on drying rate. The tests were performed with corn at
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initial moisture contents of 19, 23, or 33% expressed on wet basis, for drying air flow rates of 20
and 60 cfm/ft” and at temperatures ranging from 49 to 171°C. They reported the results of each
drying test were analysed by fitting the experimental data to two thin-layer equations. The first

was the simple exponential drying relation and second was a second-order exponential curve of

the form:

t=Aln MR + B(In MR)* (2.60)

They reported from the plots of the experimental data and those predicted using the simple
exponential relation that the simple exponential relation did not adequately represent the

experimental results.

They assumed the Henderson (1955) equilibrium moisture content relation and hence developed
by trial and error the following equation for shelled corn from the data by Rodriguez-Arias

(1956) for a given air state point:
1- RH=exp {~c(T+50) M,"} (2.61)
They reported that the constants that represent the experimental results the best are:

¢=13.8195 x 10°, and n = 2.0. They found that the second order equation which involves time
and natural logarithm of moisture ratio adequately represented drying characteristics of shelled

COIT.

Bunn et al, (1972) also proposed another empirical equation, simple in form, to describe the
dynamic process of drying a variety of materials with high initial moisture content (100% d.b

and above). The equation is of the form:

it AB_

By applying the initial and boundary conditions (when ¢ =0, W =W, and when = o, W = W)
and defining the time, ¢, when the-weight ratio is equal to one-half as, 12, the weight ratio in
terms of half-life, equation (2.62) then becomes:

_,,--'.-.-__
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They reported that the constants that represent the experimental results the best are:

¢=3.8195 x 10°, and n = 2.0. They found that the second order equation which involves time
and natural logarithm of moisture ratio adequately represented drying characteristics of shelled

corm.

Bunn et al, (1972) also proposed another empirical equation, simple in form, to describe the
dynamic process of drying a variety of materials with high initial moisture content (100% d.b

and above). The equation is of the form:

t + AB

By applying the initial and boundary conditions (when ¢ = 0, W= W, and when 7 = o, W = W,)
and defining the time, 7, when the-Weight ratio is equal to one-half as, f1, the weight ratio in
terms of half-life, equation (2.62) then becomes:
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W =W, b Lo
W,-W, t+t, (&:00)

Equation (2.63), according to Bunn ef al, was developed through many theoretical and empirical
trials with weight-loss data from stalk-cut burley tobacco curing studies. They reported that the

following form of the equation, in fact a re-arrangement, describes the weight-time relationship

down to about 5 % moisture content (dry basis).

[
We=in, + (W, — W)[L} (2.64)
[+ 1,

They also indicated that their different sets of data were fitted to the Page’s equation, as a way of

comparison, and found that Bunn’s equation fitted better than the Page’s equation.

Sharaf-Eldeen et al, (1979a) applied the general solution to the diffusion equation and developed

a two term exponential thin layer drying equation of the form:

e (k) + (1 — 4)exp (—Bkt) (2.65)
= - — A)exp (- :
=y p p
They assumed a constant diffusivity and observed that the two-term exponential model
adequately describes the behaviour of fully exposed shelled corn, rough rice and soybeans. They
also observed that Page equation gives a better description compared to the basic logarithmic

model proposed by Lewis.

Verma et al (1985) carried out an extensive experimental study in a vertical airflow dryer to
evaluate the effects of the temperature, velocity and relative humidity of the drying air on the
drying constants of steamed and unsteamed rough rice. Thirty-seven tests were conducted with
unsteamed rice and thirty-five with steamed treated rice. Relative humidity varied from 3 to
60%, velocity from 0.025 to 0.50 m3/s.m? and temperature from 35 to 95° C for unsteamed rice.
In the case of steamed rice, the relative humidity varied from 10 to 58%, velocity from 0.05 to
0.50 m*/s.m” and terr’iﬁérature from 30 to 75° C. They developed a two term exponential drying
=i f=————=
equation (an approximated form of the infinite series solution of the diffusion equation for a

plane sheet) that describes the single layer drying of steamed and unsteamed rice of the form:
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M- M
MM = Aexp(-kt) + Fexp(—gt) (2.66)

in which the drying the drying constant was expressed by an Arrhehius-type relation.

A number of researchers (Hustrulid and Flikke, 1959; Newman, 1931: Sharaf-Eldeen er al
1979b) have also pointed out that the second and subsequent terms of the series solution of the

diffusion equation are negligible after extended drying.

Chhinnan (1984) designed and fabricated an experimental dryer for thin layer drying studies of
pecans. Thin layer drying data was obtained for in-shell pecans for varying drying conditions.
Four mathematical models were evaluated to fit the drying data, namely: the simple exponential
model, the diffusion model, one term approximation of the infinite series solution of the
diffusion model and the Page equation. The Page equation was found to be most suitable in
describing drying characteristics of single layer of in-shell pecans and was recommended for
bulk modelling studies. The exponent of the time, » was found to be a constant and equal to
0.6996. The basic exponential model was found to give the worst fit and diffusion model was

found to give a better fit than the approximated diffusion model.

2.7.2 Analysis of deep-bed drying.

The conditions of agricultural crops and of air change with position and time during deep bed
drying processes (Boyce, 1965 and Thompson er al, 1968). Mathematical models have been
used for studying low and high temperature deep-bed drying processes in the past. In these
models, the drying phenomenon is analysed by calculating the drying of a thin layer of crop and
then combining many thin layers to form the deep bed. The continuous drying process can be
simulated by consecutively calculating the air and moisture changes that occur during short
increments of time as the drying air passes from one layer to the next. Thus each layer is dried
for a short time interval using exhaust air from the preceding layer. The process is repeated with

consecutive short increments of time until a desired final moisture content of the crop bed is
. iy .ﬂ"’.——’——_-_
achieved.

41



2.7.2.1 Non-equilibrium models.

The non-equilibrium drying models assume that there is no heat nor mass equilibrium between
the drying air and the crop throughout the deep-bed. Based on this assumption a system of partial
differential equations (PDE) is derived from the laws of heat and mass transfer. the mathematical

theory of drying of single solid bodies, and the general crop drying theory to represent the crop
drying model.

Four of the many non-equilibrium models applicable to situations in which the wet product is

dried in a stationary bed are referenced in this section.

The non-equilibrium model derived by Bakker-Arkema er al, (1967) and also presented by

Brooker er al, (1974) is based on a control volume isolated from a stationary crop bed (see fig.

6).

S =y.X

H,T. "Vl ’pl‘cl

Figure 6: Control volume of a stationary bed of crop (Bakker-Arkema e al, 1967).
Their model is developed based on the following assumptions:

(i) volume shrinkage of a crop bed is negligible during drying,

(i)  temperature gradients within the individual kernels of grain are negligible,

(i)  conduction heat and mass transfer between crop particles is negligible,

(iv) airflow and grain flow are plug-type,
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(v)  changes in temperature and humidity of the drying air over time are negligible when
compared to  air temperature and humidity changes over a thickness dz of the deep-bed in the

direction of airflow,

(vi)  bin walls are adiabatic with negligible heat capacity,

(vii) heat capacities of moist air and grain are constant over short periods, and

(viii) accurate thin-layer equation and moisture content equilibrium isotherms are known.

In practice a drying process is a non-stationary process, therefore, moisture content and
temperature depend on position, z, and drying time, 7, i.e. M=M(z,t) and & =6(z,t) . For a
quasi-steady solution, moisture content can be calculated or expressed as the average distribution

of moisture within the crop bed.

When modelling the crop drying process in deep bed, the following unknowns are identified:
1. M= M(z,t), the average moisture content of the crop bed,

7). 9 = 3§ (z,t), the average temperature of a product particle,

3 H = H(z,t), the humidity of drying air in the bed, and

4, T = T(z,), the temperature of drying air in the bed.

Therefore, the model of crop drying process in a stationary bed must comprise of four
differential equations which are: mass and energy balances of the crop and drying air and a
drying rate equation of a thin-layer of the product. Bakker-Arkema ef al (1967) and Brooker et
al, (1974) presented the following set of differential equations for describing drying of grain in a

stationary bed:
dH _poM (2.67)
oz G, ot
A = -ha ,/—(-j;/_?.)_ (2.68)

9z G.c, +G,oH
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2 9 =9 (z.t), the average temperature of a product particle,
3. H = H(z,¢t), the humidity of drying air in the bed, and
4, T = T(z,t), the temperature of drying air in the bed.
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where: G, = v,p, 1s the air mass flow rate per unit area (air mass-flux).

Spencer (1969) presented a PDE grain drying model for a stationary deep-bed, but derived it
based on premises different from the above model. He used the following assumptions in

deriving his model:

(1) thermal properties of dry grain, moisture, and air are constant,
(ii)  conduction heat transfer within the deep-bed is negligible,

(iii) the effect of condensation within the deep-bed is negligible, and
(iv)  the problem is one dimensional.

The model also consists of four partial differential equations, and is based on an elemental

volume of unit area and depth, dz.

ap, . _op, oM

. ¢ M 2.71
o +8¢5’: p(1"="¢) r# (2.71)
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Sharp (1982) reviewed low temperature grain drying models for stationary beds. He presented a

model based on an elemental bed of unit cross-sectional area with respect to airflow. By
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conducting the energy and mass balances, similar to Bakker-Arkema et al, (1967), he presented
the following set of partial differential equations for describing drying of grain in a stationary

bed:

Gy et
oT oM oT
G (¢, +c, L=pc, (I, —T)—=W(T.-T)— a
( H) = P (T,-T) r (T,-T)-p, e(c, +c,H) = (2.76)
oT oM
c+c, — = (T — £ h s ——
plete, M)—- = (T, ~T) + hp 2.77)
oM
—=—-K(M- M
= ( ) (2.78)
. .5 INIE ol . ,
Sharp suggested that the terms containing 5;’ and =7, in the above set of equations can be

neglected, in which case the resulting set of equations will be very similar to the model of
Bakker-Arkema et al, (1967).

2.7.2.2 Equilibrium models

Under equilibrium conditions, the simplifying assumptions reduce the four equations in the
partial differential equation model to two equations based on balances of moisture content in the
grain and air humidity. For heat and mass equilibrium between the moist air and the grain
throughout the stationary deep-bed, it is assumed that there is no resistance to heat and mass
transfer within this bed. It is also assumed under equilibrium analysis that the air temperature is
equal to the grain temperature. In equilibrium model analysis it is further assumed that under

mass equilibrium M is equal to M, (Cenkowski ef al, 1993).

Thompson et al, (1968) developed an equilibrium grain model based on the empirical formula of

the type - 0 g Vet
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t = Aln MR + B(In MR)? (2.79)

where MR is the moisture content ratio.

2.7.2.3 Logarithmic models.

The logarithmic drying models are based on direct relationship between the rate of drying of a

layer of grain in a deep bed, JM/Jt, and the temperature gradient &7, /3z across this layer.

This relationship can be derived from partial differential equations describing grain drying in a

deep-bed presented by Sharp (1982). According to.Cenkowski etal, (1993), these models have a

low prediction accuracy yet most researchers still use them because of their simplicity.

Assuming a unique relationship between the rate of moisture content change with time in deep
bed drying, and the temperature change of air with respect to position, Hukill (1954) developed
an equation and a series of a dimensionless curves to predict the moisture content at any depth in

a grain mass after a specified drying time as:

3 D
M=M MzDZY
M,—M~ 2% +2" -1

(2.80)

D = dimensionless depth factor
Y =dimensionless time.

One depth factor is defined as the depth of crop that contains, DM’ of dry matter content given
by

- &Gl —ptn (2.81)
vhfg(M;"n— Me)

where G is the volumetric flow rate (m>/s), and ¢, is the time for crop with a depth factor of

zero to dry from a moisture ratio of 1.0 to a moisture ratio of 0.50. The depth factor of zero

represents the drying of crop #ra very thin layer. Also 7, and T, represent the air temperature

g

at inlet and outlet respectively. The dimensionless time, Y, is defined as

—-—.-"'_'_-
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Y = fffuz (232)
where 1 is the drying time.

Equation (2.82) is referred to as the logarithmic model. Barre et al (1971) applied the modified
form of Hukill's logarithmic model to cross-flow, low-temperature deep bed grain (ear corn)
drying, and subsequently Barre and Hamdy (1974) employed the model to determine the optimal
filling rates for in-storage drying of grain. Barre et al (1971) obtained quite good agreement
between observed and predicted mean moisture contents for ear corn. Sabbah et al (1979) used a

logarithmic model to simulate, forced-convection solar grain drying performance.

It may be concluded from the above that the equilibrium and logarithmic models are nothing but
simplified variants of the partial differential equation models. It will therefore not be contentious

if drying models are based non-equilibrium models.

2.8 Solar Drying:an overview
2.8.1 Dryer construction and functionality

The main functional part of a solar dryer is the drying space, where the drying process takes
place. In directly irradiated solar dryers, the energy is absorbed directly by the drying material.

In this case the drying space has a transparent (glass or foil) cover.

In solar convective dryers, the drying medium is air preheated by solar energy in a collector,
which converts solar radiation into heat. In direct heat transfer systems, the working fluid of the
solar collector is the drying air itself. In the case of indirect systems, the working fluid is a liquid
(e.g. water) and a liquid-air heat exchanger is used to preheat the drying air. This can be kept in
motion by means of a fan driven by an electric motor. The latter is normally connected to the
power grid or, in more remote rural areas, to an autonomous photovoltaic system or a wind
turbine driven electric generator (Esper and Muhlbauer, 1993; Bansal and George, 1993). A
chimney can alsg?féf connecteﬁg/ﬂneirying space to induce air flow through a thermosyphon
effect (Ekechukwu and Norton, 1993).

_-.-"-"-_-F..
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2411 Main types of solar dryers

Solar dryers can be classified into three main groups, according to the type of energy used for
drying and the equipment employed (Imre, 1988a, 1989, 1993, 1995):

- Solar natural dryers

: - Semi-artificial solar dryers

- Solar-assisted dryers

(a) Solar natural dryers. These devices use only ambient energy and have no active elements.
The air flow, if there is any, is maintained by natural convection or, in some cases, by
themosyphon effects induced by a chimney.

Solar natural dryers are mainly used as substitutes for traditional open-air drying methods in
arcas where no other source of energy is available. In contrast to these traditional methods,
however, losses and damage to the product caused by rain, dust, insects, birds and other animals,
as well as the pollution from the atmosphere are avoided by the purpose built construction. Their
use results in a better quality product, which should be considered as a positive cash contribution

in any economic evaluation.

(b) Solar-assisted dryers. Solar assisted dryers are conventional dryers having a solar
collector. They are generally fitted with a heat storage system and are always fitted with
an auxiliary energy source, such as a thermo-generator fuelled by natural gas or oil, for
use in situations where the solar energy collected is insufficient for drying purposes.
They are normally fitted with modem control systems.

2.8.1.2 Solar natural dryers

(a) Cabinet dryers. These are the simplest and cheapest type of solar dryer. They are generally
used for drying agricultural products, such as fruits, herbs, vegetables, and spices, in small
quantities (Wibulswas and Niyomkamn, 1980; Reuss, 1993).
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Figure 7 Cabinet type dryer for fruit and herbs

Simple cabinet dryers consist of a south-facing drying space covered by a transparent material,
which also serves as a roof to protect against rain and pollution. The material to be dried is
spread in a thin layer on a tray having a perforated bottom and is directly exposed to the solar
radiation. Holes are provided in the lower part of the front wall and in the upper part of the back

wall of the cabinet to induce an air flow by natural convection. This carries away the water

evaporated from the material and prevents its overheating.

An improved version of the simple cabinet dryer designed for household use is illustrated in
Figure 7.The trays with perforated bottoms 1 are arranged under the transparent cover3, making
it possible to dry simultaneously various kinds of foodstuffs, such as fruits, herbs and vegetables.
Each product, in its individual tray, may have its own specific drying time. Air, preheated by a
black-painted aluminum sheet 4, is introduced into the dryer and regulated by the throttling
device 5 and 6. The open cross-sectional area of the air outlet can gradually be decreased as
drying proceeds. At night time, the slide 6 should be closed and the sheet 4 should be fitted to
the transparent cover of the cabinet 2 (Baker, 1997).

(b) Tent type dryers. The drying capacity of cabinet type dryers can be increased by enlarging
the basic surface area of the dryer. Tent type dryers represent the simplest and cheapest way to
achieve this goal. A schematic representation of a tent type solar dryer is shown in Figure 8. The
drying space 2 is located within a tent, which may have a triangular or semi-circular cross-
section. The south-facing surface of the over 1 should be transparent; the other sides are opaque.
The material to Joe dried (e.g.—eoffee beans) is spread on a perforated tray 3 or directly on a

concrete floor (Sunworld, 1980).

i
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Figure8 Tent type solar dryer

(c) Shelf type dryers. Another way to increase the drying capacity, without enlarging the basic
surface area, is to employ several trays or shelves, one above the other. Figure 9 illustrates a
schematic of a shelf type dryer (Wibulswas and Niyomkarn, 1980). Thin layers of fruit,
vegetables, etc. to be dried are loaded on the perforated shelves 1. The south-facing surfaces 2 of
the dryer are transparent; the back wall 3 and the floor are painted black and insulated. Since the
lower trays or shelves partly shade each other, a separate solar collector 4 should be connected to
the drying space to produce the energy required. Air flow is generated by natural convection

through the collector and the material layers on the shelves; moist air leaves the dryer through

the upper opening 5.
| In the shelf type arrangement, the flow resistances of the separate material layers are coupled in
[ series and the total resistances is their sum. To ensure satisfactory air flow rate, the height of the

dryer should be sufficient to produce an adequate chimney effect.
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Figure 9 Shelf type cabinet dryer

2.8.1.3 Cabinet dryers fitted with a chimney

The themosyphon effect required to induce an adequate flow through a solar dryer can be
increased by means of a chimney. A simple version of a chimney type solar dryer is presented in
Figure 10 (Sunworld, 1980). The lower part of the dryer acts as an integrated solar collector with
a transparent cover 2; the bottom surface 4 functions as an absorber. Material to be dried is
arranged in a static bed 1. Cover 3 over the bed is also transparent. Chimney 5 is connected to
the upper part of the drying space. Drying time (at 15 MJm>day™" mean global irradiation), 3-
4days |
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Figure 10 Cabinet dryer with chimney

2.8.1.4 Cabinet dryers fitted with a chimney and heat storage

To extend the drying process into the non-sunny hours of the day, heat storage should be

employed. Water vessels have been used as a relatively low cost means of heat storage (Puigalli
and Lara, 1982).

Sensible-heat storage capacity can be increased by using phase change materials. Figure 11
shows a simplified schematic of a chimney type cabinet dryer in which calcium chloride
hexahydrate (CaCl, 6H,0) is employed for this purpose (1mre, 1986b, 1989). The phase change
material is enclosed in plate shaped containers. The fixed latent heat storage plates 4 are arranged
as the absorber of the separate collector 2, and of the northern wall of the chimney as well. The
outer-wall surfaces 6 of the chimney 3 are thermally insulated. Additional heat storage plates 5
are movable and arranged below the cover of the collector. In sunny hours, these plates 5 are
pulled out of the collector on both sides and are directly irradiated and charged. During night-
time operation, they are pushed back below the collector covering (see figure), forming an air
duct with hot upper and lower surfaces. Since the phase change process occurs at constant
temperature, a constant thermosyphon effect and a continuous air flow through the dryer will be
maintained until the heat storage-unit tras been fully discharged. The material to be dried is
spread in thin layers on trays 7 having perforated bottoms located in the drying space 1. Upper
and-fower trays can be exchanged during drying to equalize differences in drying rates. The air
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flow rate through cabinet dryers fitted with a chimney can also be enhanced by using a wind-
driven ventilator connected to the upper end of the chimney (Bansal and George, 1993).
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Figure 11 Cabinet dryer with chimney and latent heat storage

2.8.1.5 Structural design of solar dryers

In order to undertake the structural design of a solar dryer, it is essential to be aware of the
technological capability of the dryer manufacturer. Therefore, the designer should keep close
contact with the technical and production staff at the factory. The structural design will greatly
influence the investment and maintenance costs as well as the service life of the dryer. These

factors have a major influence on the return on investment.

(a) Selection of the materials of construction. The materials of construction of the structural
elements is of great importance. The designer should consider:

- the UV effects of the solar radiation;
- possible counter-effects between the structural elements and the material to be dried

- The corrosive effects of the atmosphere

_-—-'-"--——-
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(b) Structural design of the solar collector. The solar collector serves to provide the primary
supply of energy to the dryer. Essentially, the absorber within the collector converts the
direct and diffuse solar radiation into heat, which is then transferred to the working fluid
of the collector (Lunde, 1980; Wijeysundera et al., 1982; Duffie and Beckman, 1993:
Imre, 1995). A great variety collectors have been developed. These can either be used
separately or integrated into the dryer (Wisniewski, 1993).

Figure 12 illustrates the constructional features of various kinds of solar collector. Frequently,
the working fluid is air, which is used as the drying medium (Direct type solar dryers). It flows
between the transparent cover 1 and the absorber plate 2 (Fig. 12a), or between the absorber plate
2 and the thermal insulation 3 (Figure 12b and c). The absorber 2 may have a plane (Figure 12a
and b), waved, or corrugated surface (Fig. 12c, f, and g), or a stepwise divided and overlapped
surface in Fig. 12e, with air flowing through the porous matrix. Figures 12f and g illustrate
uncovered collectors, which are frequently integrated into the rood of a drying room and used as
the roof covering (Imre et al., 1986a; Catalogue, 1986). In the case of solar dryers incorporating
an indirect heat transfer system and heat storage, the collector working fluid is usually water or
antifreeze solution, flowing in the tubes of the tube sheet type or finned tube type (Figure 12h)

absorber.
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Figure 12 Solar collectors: (1) transparent cover; (2) absorber; and (3) thermal insulation

(Source: Baker, 1997).

In hybrid (air-liquid) collectors, air is directed between the transparent covering and the liquid
absorber. In combined collectors, latent heat storage elements serve as absorber (Imre and Kiss,

1983; Imre, 1995). The materials of construction commonly used in solar collectors are as

follows.,

- Transparent covering; glass, UV-stabilized plastic or foil
- Absorber, with air as working fluid: aluminum, copper, steel, UV stabilized plastic; with

—water as working fluid: copper, UV stabilized plastic.
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- Coating of the absorber: selective black coating or paint.

The designer should determine the energy flux required by the collector, ¢ (W), from the
equation (Imre, 1995):

Where A4, (in m®) is the required surface area of the collector, I (in Wm™) is the expected solar

energy flux, and £ is the expected effectiveness of the collector.

Various methods have been recommended for the simplified calculation of the collector

efficiency (Lunde, 1980; Duffie and Beckman, 1993; Imre, 1995).

These methods are based on calculation of the heat loss from the collector, which is a function of

the temperature difference between the absorber (T, ) and the atmosphere (T,).

In the simplified calculation methods, the ‘overall heat transfer coefficient’ of the collector (U) is
used. The value of U is a function of several other parameters and describes the resultant effect

of different and complex non-linear heat transfer processes.

The simplified calculation methods do have several weak points and their use can only be
recommended for determining a first approximation of the required collector surface area. In the
detailed design phase, the performance of the collector should be checked using computer

simulation methods (Imre, 1974, 1995; Imre and Kiss, 1983; Mahapatra and Imre, 1995). These

methods can also be used to undertake a sensitivity analysis and to optimise the design.

2.9 Crop dryer modeling equations and reviews

This section examines other pertinent theories used in the modelling and analysis of solar crop

drying systems. Additionally, the section also reviews relevant studies conducted in the area of

solar crop drying in:;folving the use-efback up heating.
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2.9.1 Formulation of the drying model

mwmmhmwmﬁmwmmmmmm
arbitrary elemental layer of the fixed crop bed. The drying of this element can be simulated by
considering changes that occur in the crop and the drying air as represented in figure 13. The
drying air is passed through this elemental layer of crop for a time interval (At). During this
period, moisture is evaporated from the crop bed into the drying air causing the moisture content
of the crop to decrease and the absolute humidity of the air to increase. For a specified air flow
rate, the values of the following variables are determined after each incremental drying period
(At): T, the drying air temperature; Ty, the crop temperature; H, the absolute humidity of the
drying air; and M, the average moisture content.

H' T‘ Gl' pn‘cpc

Figure 13: Elemental volume of crop bed

In deriving the mathematical model for analysing the drying process, the following assumptions

are made:

1. no temperature gradients exist within individual pieces of crop material;

2. conduction between adjacent crop slices is negligible;

3. changes in heat capacities—efthe air and of the wet crop during the short time
interval of the passage of drying air are negligible;

-II_"-—-"-
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4, the changes in temperature and humidity of air over an elemental layer of the crop
bed are more significant than the changes that occur in a short time interval;

5 at the commencement of the drying process, the drying air displaces all air within the

dryer without heat or mass transfer taking place. This assumption although not exact, it allows

for the initial boundary conditions of the process to be specified;

6. moisture evaporated from the crop is at a temperature equal to that of the drying
material;
7. the crop-bed is a rectangular slab with void spaces;

8. the change in enthalpy of the air trapped in the crop-bed void spaces is negligible
compared to the change in the enthalpy of the flowing air.

9. there is no condensation on the walls of the drying chamber;

10.  thermal capacitance of the drying chamber is significant; and

11. the convective film resistance on the outer surface of the drying chamber is

negligible.

2.9.1.1 Heat and mass transfer in layer drying

Four independent equations are needed to determine the changes that occur in the product and
drying air during drying: the drying rate equation, the mass balance equation on the drying air,
the heat balance equation on the drying air and the heat balance on the crop (O’Callaghan, 1971).
In this model, the drying chamber walls are not considered to be adiabatic therefore a fifth
equation, an energy balance on the chamber walls is added to evaluate its steady-state

temperature. These five equations are derived as explained in the subsequent sections.

2.9.1.2 The drying rate equation

The rate of moisture removal from pineapple can be expressed by the diffusion equation,

(equation 2.5) which describes the removal of water vapour from the wet product. The solution
of this equation for a slab-shaped crop bed is given as (Crank, 1975):

M-M ol 1 2 ) )
€ = — exp|-Q2n+ 1) Dnt/z (2.84)
—M, - M, n Zﬁ (2n +1)° p[ ( ) ]
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where, D is the diffusion coefficient of the wet material, z is the thickness of the crop bed and
is the drying time. A simplified solution is sought by using the first few terms of the series
solution of equation (2.84). The diffusion coefficient chosen for pineapple is an Arrhenius-type

expression which expresses the dependence of diffusion coefficient at high moisture levels with
temperature of the material being dried.

D = D,exp(-E / RT,) (2.85)

This relation is chosen because of the high initial moisture content of fresh pineapple and its use
is supported by literature (Shahab et al, 2007). Shahab et al (2007) determined the effective

diffusivity (D, ) and activation energy (E) for pineapple to be in the order of 10" m%s and

35.5 kJ/mol respectively. A power law equation was used to correlate the shrinkage in thickness

with the moisture content of the sample.

A generalised empirical relation is used to describe the equilibrium moisture content isotherm for

pineapple. This relation is of the form (Teter and Citelly, 1970; Roa, 1974):

M, : |
m(p YT, TS RH3)=q” +(g, +q,RH + q,RH’ +q,RH’ +q,RH")T (2.86)
0 ! 2 3

In equation (2.86), p;and g, are product-dependent constants.

2.9.1.3 Mass balance equation on the drying air

The mass balance equation relates the exchange of moisture between material being dried and
the drying air. Consider an element of material in a deep-bed dryer and the associated quantities
(see figure 13). Under steady-state, the difference between the amount of moisture flowing into
and out of the control volume during the time interval dr is equal to the moisture leaving the
material in the control volume. The change in humidity of the air in the void spaces can be
neglected (Brooker ef al, 1974).

Under steady—state,:assuming no_eendensation on the walls of the drying chamber, the mass

balance on the control volume is

_--'—-—--_
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cH 1) M
GaAFde-GaAF (H + EdZ)dr_ ppAsz—G;'}—dt (2-87)
which simplifies to:
Sz P ot (2.88)

where, G, (kg/s-m®) is the mass-flux of air through the drying chamber and is related to the

mass-flow rate and the effective cross-sectional area of the drying chamber by the relation:

G, =—F (2.89)

2.9.1.4 Heat balance on the drying air

Energy balance on air:

the change in enthalpy of the air = heat lost to the product and the drying chamber + heat
carried by vapour to the air.

The enthalpy of the air flowing into the control volume in time df at location z is
G, A, [(cpa + C, H(2))T(2) + LaH(z)] dt
Similarly, the enthalpy of the air flowing out of the control volume in the same time dt from

location (z + dz) is

G,4, [(cpa + C, H(z +d2)) T(z + dz) + L,H(z + dz)] dt

But the heat lost from the drying air to the product and the walls of the drying chamber 1s

- = [thp(T—Tp, )+h,4,(T~T,)| dzat
e o d
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Assuming that moisture is evaporated from the wet material at the same temperature of the crop,
the gain in enthalpy of vapour during the passage of air through a crop bed in time (dr) is given

by

%
(CRERTL,) ppApé—ﬂfdzdr

The change in enthalpy of the drying air is given by the difference between the enthalpies of the

air flowing into and out of the control volume as:

G, 4,[(Co + CpH())T(2) + LH(2)| dr L

a-==p

G, 4,[(Cpe + Cpu H(z +d2)) T(z + dz) + L H(z + dz)] dt

Simplifying and re-arranging the terms of the mathematical statement of the energy balance for

the drying air results in the relation:

T AH  GH
GEAP[(CPG + CFH,H)E G T e 4 Z:|dtdz
5 (2.90)
=-hA,(T - T,)dtdz— (p,C,, T, + p,L,)4, — -z - nA,(T = T,) drdz

Substituting equation (2.86) into equation (2.90), the following expression relating the average

temperature, 7, at which air transfers heat in the control volume, to the drying conditions is

obtained as:
ol 1 OM h A

3 T, L)ool \T —T — (T -T,) | (291
éz Gﬂ(cpa + CFWH) v( Pt ) pp P“’( Pf) (51 Ap ( w) ( )

2.9.1.5 Heat balance on the wet material

In writing the energy- balance on the wet material, it is assumed that the external energy supplied
S _’_‘_,.—-—""'""’___ . A .
to the drying chamber is used by the wet material and the drying chamber walls during the

drying period in the following ways:
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¢ heat to evaporate moisture from the wet material and heat to raise the evaporated moisture
temperature to that of the drying air

e heat to raise the temperature of the dry solid and its residual moisture

e heat lost from the crop through the chamber walls to the surrounding

e heat to raise the temperature of the drying trays and the chamber walls.

It is further assumed that the moisture evaporated from the wet material in time (df) is carried

away by the drying air.

Thus,

the change in enthalpy of the crop = convective and radiant energy transferred to the crop
— Heat supplied to evaporate the moisture from the wet material to the drying air — Heat
lost from the crop to the chamber walls by radiation —radiation heat exchange from a layer

of the crop bed to the adjacent layer(s).

In addition to convective heat from the solar/burner heated air passing through the elemental
layer, solar energy is transferred directly to the top layer by radiation from the top and through
the sides of the drying chamber to all other layers. As a result, the effective surface temperature
of the wet material will rise above the wet-bulb temperature of the air and this will subsequently
reduce the rate at which heat is drawn from the heated air, but will increase the rate of
evaporation. The incident solar energy absorbed by an elemental layer at the top layer is

progressively reduced by the absorptance-transmittance factor of the subsequent layers.

Following from this assumption, the intensity of solar radiation on each layer, H_ is

approximately modeled as an exponential decaying function with its maximum value, H, at the

top layer and one-half its maximum halfway through the entire bed and is represented by
H = H,exp(2In2{JM(dz)/z, — 1}) (2.92)
At the beginning of the time step ¢ , the enthalpy of the material is
eginning of the time s ep//_ Py

A4,p,dz{Cp + C,, M(0)} T, (1)
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and at time ¢ +dt, is

A,p,dz2(C,y +C, M(1)) T, (t +dt)

The difference in the enthalpy of the material is given by

oT,
Po(Cpa + CuM) 4, dz—L-dt

The amount of moisture evaporated in the time df is equal to the change in the humidity ratio of

the air as it passes through the elemental volume, 4 ,dz, of the crop bed and is given as

JH
G A dz—dt
Az

The energy required for the evaporation of moisture from the wet material in the time dt is

oH
La Ga AP —gdz dt

The energy required for heating the moisture evaporated from the wet material at temperature

T, to air temperature in time df is

JOH
Cp.’(T ' Tp, ) Ga A"dz—é_;dr

The energy required to raise the temperature of the mass of the drying chamber is given by

or
Clml=—L" 1> Jt
ot

The enthalpy balance on the wet material is

oT, ———
(p,4,(C,, +C, M) +C”m”)§—fdtdz=aprpH£ A dtdz+ h A (T =T, )dt dz

(2.93)
oM
b pPAPW[Cpf(T ~T,) + L, | didz—h,, A,(T;=1T,)dt dz
oT . H  hA
2 = flf' " ”[a'plfp 7 :4 Ly Tpf)
ot pP(Cpg+E‘f_,M)+C m/_ggsﬂ 5 (2.98)

AH h .4,
GEE[CPI(T Sl) L ] N (= L) }
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2.9.2 Energy balance on the walls of the drying chamber

Performing an energy balance on the drying chamber walls under load conditions yields
aEEAWT +hv14'wp (T"_Ttﬂv)-'-hrw'Awp (Tp!‘ _wa) =hr HAWP (wa _Ek ) +thwP (wa _‘T;) (295)

It is assumed that there is no condensation on the inner surface of the cover of the drying

chamber. The above equation is used to establish the temperature of the walls of the drying

chamber as:

a,S,+h T, +h T +hT, +hT

P pw Pt

h,+h s h +h -

I, (2.96)

2.9.3 Finite difference formulation of the drying simulation model.

The finite difference numerical technique is used to discretise the governing equations of the
deep-bed drying mathematical model. A first-order implicit finite difference scheme (in both
time and space), is employed to solve the governing equations described. The dependent
variables ( Hand T ) are to be evaluated at the time (f + df). The independent variables (

Mand T, ) are evaluated as the mean value of each layer representative of a given time interval.

The following definitions are also applied in arriving at the finite difference model:

T +Az 1+ M + T

z 2.0+ A

];+,'w§ﬁz,r+ﬂ.r = 2 (297)
H:+ z I+ + H: g+ M

Hz+}§az,t+m - = mz (298)

oM ot MHuzm,Hm l M:-I-IIZ.&:J (2 99)

ot At ‘

oH 4 Hz+.ﬁ_;_,é+ﬂ: — Hz,r+m PSS (2.100)

Oz Az

ﬂ:erHﬂd:,Hm el
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Equations (2.91), (2.95), (2.98), and (2.102) can be written as

o
M nsion =M, +(M,-M,) = Y exp|-(2n + 1)’ Dzt /2’| (2.103)

7 =6 2n+1)°
Pp dz
R~ (Meuiia — Moy, (2.104)
Tz+ +A T T:’- - 1
= mciz L = ppcﬂ”(z;+yzﬁz,l+ﬁf = Tpf:+Hﬁz,r+N)[i_M]
Gﬂ (CPG +pr Hz+}/zﬁz,r+.f_‘-.r) !
hVAHr'
F Ap (];+}§ﬂz,r+m _Tw)
(2.105)
sz+}§ﬂz,:+m=Tsz+}§ﬁz,t +[{£xpjng/COSﬂ}df
VES: + 18V hatdda
+G At da(H, ., — H, WL+ Gl i — == N s, - T
P
h,A Vi +T hddt L., +T,
pw S Tw z+Az .t z.1 <y z+Az,1 z,1
b A (]}"z+}§&z,f -T“')-I-h"dt( ) —TP":+%M,I)_ A ( 2 _T“')]
P P
(p,C, G2,Cu M, . ™)
(2.106)

Additionally, the relative humidity of the drying air is evaluated from the following expressions:

p(Hz+ﬂz,:+m +Hz,r+é.£ )’/2

D (2.107)
(062198 + {H. .. .5 +H. 1,5} /2)

P,, =C, | DTMT+ C; + C,o(DTMT) + C,,(DIMT)* + C,, (DTMT)’ + C,; In(DTMT)
(2.108)

_nl—'-'-'-'—---_

WREIe DTMT = (T, . x, 1on0 * 1. ronn) ! 2
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dRH—P“’
and, =0

WS

2.9.4 Solution procedure

To solve equations (2.103), (2.104), (2.105) and (2.106), the finite difference model, the values

of M, H, T and T7,, must be initialised at each position within the bed. First the following initial

conditions are applied:
Mz.U = Ma . HZ 205 I{inlﬁt; TE,O = Tinlet , Tpt, (z,0) = Tpt, initial » and Tp;, 0,0) = Ts,

Second, equations (2.103), (2.104), (2.105) and (2.106) are solved from the bottom elemental
layer to the top layer of the crop bed. This then completes the initialisation process. The
temperature of the material at the first time step is estimated as the average of the initial air and

product temperature.

The discretised equations are solved as an uncoupled set. After the calculation of the first time
step 1s completed, the following calculations are pursued until the required solution is achieved:

1) Guess the air mass flow rate, m, through the system and the drying chamber wall
temperature, 71,
1) Using equations (3.26) and (3.30), the air mass flow rate, 77, , through the system is

estimated.
iii)  Progress the drying time from ¢ to ¢ + dr. . The value of increment in time, df , is

calculated using equation (2.109).
iv)  Solve equation (2.106) for temperature of the material at the current time.

V) Solve equation (2.103) for moisture content of the material.

vi Solve equation (2.104) for relative humidity of the drying air.
) quation (2.104) Telag ve hutL |

vii)  Solve equation (2.104) for the temperature of the air.

o —
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viii) Increase z by dz and repeat steps (iii) through to (vii) until the top layer is reached.
Calculate the average moisture content, M , of the entire crop bed after the time

(t + dr). Compare the average moisture content after time (t + dr) with the desired

moisture content, M 7~ The program is then terminated subject to the conditions for the

termination of the program. Otherwise you go back to step (i1) and then follow the

subsequent steps through to step (vii).
The size of the increments dz and df are critical since their choice will affect the stability of the
solution procedure. Bakker-Arkema et al (1974) pointed out that if their values are too large, the
equations will diverge from the true solution and if too small, the solution will require excessive
computation time. To determine the expression for evaluating the time step the mass transfer
terms in equations (2.92) and (2.93) are neglected. Furthermore, it is assumed that the change in
temperature of the drying air is approximately equal to the change in the temperature of the
product; then dividing equation (2.92) by (2.93) an approximate expression for evaluating the

time step is obtained as:

e (p,C, +p,C,, M+C"m")cosp
(G,C,, + QL vt

a ™ pa

(2.109)

Equation 2.109 is used to evaluate the time step during the simulation run.

2.9.5 Program termination
The drying model terminates in one of the following ways:
(1) when a desired or specified drying time has been attained (in this

programme the time should be less than 30 hours); and /or

(i1) when the average moisture content in the drying bed falls below a specified

value.

67



2.9.6 Technical performance criteria model

In this model, the equations that allow for the assessment of the performance of the dryer are

considered. For solar drying, three criteria have been defined (Brenndorfa et al, 1987): the
system drying efficiency, and the pick up efficiency.

2.9.6.1 The system drying efficiency, n,

This parameter is defined as the ratio of the energy required to evaporate the moisture to the
energy supplied to the dryer. The energy supplied to the dryer is the quantified as the solar
energy incident on energy collection surfaces of the dryer over a given time interval. The system
drying efficiency is a measure of the overall effectiveness of the system and is calculated from

the following mathematical formula:

Wels
M4 S (2.110)

 H, A

where, 7, (kg) is the mass of moisture evaporated in time #, L, (J/kg) is the latent heat of

evaporation of water from the product, Trs (W/m?) is the insolation on the energy collection
surfaces in a given time interval, A4, (m?) is the effective energy collection area, and ¢ (s) total

drying time. Equation (2.110) is redefined in terms of the moisture content of the product as:

n, = W::*(Mi,db - Mf',db)Lr 2.111)
g H, At '

It evident from equation (2.111) that for a given dryer, the load will have a significant effect on
the drying efficiency. To isolate the effect of the initial crop mass on the drying efficiency, its

value is normalised to obtain the normalised drying efficiency defined as:

= Na (2.112)
T an T

where IV, is the mass of dry mmne dry matter) in the initial crop mass. Equation

(2.112) gives an indication of the efficiency of the drying system reckoned per mass of the crop.



2.9.6.2 The pick-up efficiency, n,

This parameter is used for evaluating the actual evaporation of moisture from the commodity
inside the dryer. It is a direct measure of how efficiently the capacity of the (solar) heated air is
utilised to dry a commodity. The pick-up efficiency is 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.
Pick-up efficiency of 30 %, as an average over the whole drying period, is considered to be

relatively good (Brenndorfer ef al, 1987). The pick-up efficiency can be calculated from the

formula:
Sa - - 2.113
T i, - H) )

where, W, (kg) is the initial mass of the commodity, W, (kg) is the mass of the commodity at the

time £, H,~ (kg dry water/kg dry air) adiabatic saturation humidity of the air entering the drying
chamber, H,; (kg dry water/kg dry air) is the absolute humidity of the ambient air (which is
theoretically the same as the absolute humidity at the exit of the air-heater). The calculation of
the pick-up efficiency necessitates the use of the psychrometric chart and or empirical relations

to determine the adiabatic saturation humidity and the absolute humidity of the heated air at the

inlet of drying chamber. The adiabatic saturation humidity is evaluated from the following

expression:
= H (2501 +1.8056. —4.1869*) £ (0 SN (2.114)
2501 — 2.3818

where, 8, (°C) is the dry-bulb temperature of air entering the drying chamber, and

0" ( °C) is the wet-bulb temperature of the air entering the drying chamber. Combining
equations (2.113) and (2.11), equation (2.112) is redefined as:

W, (M, 45— M, 4,)(2501 — 2.3818.)

; (2.115)
% mt (0, — 0,")A805H, + 1)
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The determination of the wet bulb-temperature of the heated air involves a try and error method.
While equation (2.114) is to be used in mathematical models, equation (2.112) is easy to use in

situations in which a physical experiment has been conducted.

2.9.7 Drying of pineapple

Pineapple is a seasonal tropical fruit rich in proteins, vitamins and minerals (Barnell, 1974
[hekoronye and Ngoddy, 1985). Being highly perishable, it requires preservation in some form.
Drying is one of the methods commonly used for preserving pineapple (Ramallo and
Mascheroni, 2012; Gujral ez al., 2013); other methods may be freezing, canning, irradiation

and controlled atmosphere storage.

The establishment of curves of hygroscopic equilibrium is important to define limits of
dehydration of the product, estimate the changes of humidity under specific condition of
temperature and relative humidity of the environment and to define the moisture contents
conducive to the activity beginning of agents that will cause the deterioration of the product

In the case of the pineapple, it is important to highlight that the appropriate drying and storage

conditions are essential to maintain the quality of the product due to its high water activity.

Bala (2009) used a multilayer neural network approach to predict the performance of the solar
tunnel drier using fresh pineapples. It was reported that the solar tunnel drying required 3 days

to dry pineapple samples from 87.32% to 14.13% as compared to 87.32% to 21.52% in 3 days.

2.9.8 Use of back-up heater in solar crop drying

Several attempts have been made to overcome the problem of intermittent drying in natural
convection solar drying. One approach has been the use of thermal storage. The use of a
supplementary source of heat cannot be economical in many cases, e.g., for very small-scale

applications, because of the initial capital-eost investment needed, but for larger drying systems

the volume of the crop may justify such a system. Khanna (1967) studied design data for solar

heating of air using a heat exchanger (heat transfer by both natural and forced modes). It was
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heating of air using a heat exchanger (heat transfer by both natural and forced modes). It was
found that the data would assist in obtaining the final design of a shell-and-tube heat exchanger
for use in drying a specific material.Ayensu and Asiedu-Bondzie (1986)constructed a dryer with
thermal storage, from locally available materials. The system was capable of transferring 118 W
m™ to the drying air. Ayensu (1997) designed and constructed a solar dryer with a rock storage
system. It was found that the rock pile stored enough energy to enhance nocturnal drying. The
duration of crop drying in the solar dryer was shorter than that in the open air. Aboul-Enein et al.
(2000)developed a solar air heater and tested it with and without thermal storage for drying
agricultural products. They found that the drying process continued at night when a thermal mass
was used. El-Sebaii et al. (2002)developed a solar dryer with a thermal storage system. The dryer
was tested with and without thermal storage. They found that the storage material reduced the
drying period. Enibe (2002) used a phase change material to store thermal energy in a solar air
heating system. It was found that the system could be operated for crop drying and poultry egg
incubation. In all these studies, solar energy was used exclusively. However, the intensity of
solar radiation i1s sometimes so low that the temperature of the thermal mass may rise by an
insignificant margin above the ambient level, and thereby limiting the continuity of dehydration.
All these interventions notwithstanding, there is still the need to address the intermittent drying
process in natural convection solar dryers by employing a supplementary energy source and it is
suggested in this study to employ a back-up heater that utilizes biomass feedstock as the fuel
source.

Akyurt and Selcuk (1973) developed an indirect solar dryer with a backup gas burner. They
found that the drying time could be shortened due to the inclusion of the backup heater. Bassey et
al. (1987) used a sawdust burner to provide heat to a direct type solar dryer during bad weather
and at night. In their study, the burner was not integrated to the dryer but used steam as a heat
transfer medium.The burner consisted of 28 burner holes (2.5 c¢m initial diameter), spaced at 10
cm between centres, and arranged in four rows. Four galvanized iron pipes (110 cm long, 2.5 cm
diameter) were mounted directly over the burner holes. Water in these pipes was evaporated and
the steam passed through the heat-exchanger pipes in the drying cabinet and then vented to the
atmosphere. It was .aésﬁmed in the destgn that the energy input by the burner to the drying

cabinet was 400 W/m?, burner efficiency to convert water to steam was 10%, and condenser

s

e

71

I\FH.- -t
TR A=



Figure 14 shows the hybrid solar/sawdust crop dryer designed and tested by Bassey et al.

HEAT
_EXCHANGER

63cm

WATER
TANK

E v\nponngg

Figure 14 Hybrid solar/sawdust crop dryer (Bassey et al)

Bena and Fuller (2002) designed a direct solar dryer with an integrated biomass-backup heater.
The thermal performance of their system was reported to be satisfactory. Prasad and Vijay
(2005) also developed a direct solar—biomass dryer. The biomass burner had a rock slab on the
top part which helped in moderating the temperature of the drying air. These dryer designs had a
backup heater without thermal storage to capture solar energy. Consequently, the air temperature
in the drying chamber dropped down to ambient level immediately after sunset, requiring backup
heating even when the preceding day was sunny. This leads to wastage of both solar and fuel

resources.

Biomass (especially wood fuel) is a dominant source of energy, and commonly burned using
inefficient technologies in most developing countries (Kristoferson and Bokalders, 1991, Bena
and Fuller, 2002; Kaygusuz and Tu'rker, 2002). This resource, if harvested sustainably, can
provide the required backup thermal energy for solar drying in developing countries. However,

information is scarce on solar drying with integrated collector-storage and biomass-backup
heaters. == —
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requiring backup heating evenwhen the preceding day was sunny. This leads to wastageof both

solar and fuel resources.

Biomass (especially wood fuel) is a dominant source of energy, and commonly burned using
inefficient technologies in most developing countries (Kristoferson and Bokalders, 1991; Bena
and Fuller, 2002; Kaygusuz and Tu'rker,2002). This resource, if harvested sustainably, can
provide the required backup thermal energy for solar drying in developing countries. However,
information is scarce on solar drying with integrated collector-storage and biomass-backup
heaters.

Madhlopa et al (2006) designed, constructed and evaluated an indirect type natural convection
solar dryer with integrated collector-storage solar and biomass-backup heater. The dryer
consisted of biomass burner (with a rectangular duct and flue gas chimney), collector-storage
thermal mass and a drying chamber with a conventional solar chimney. Results showed that the
thermal mass stored part of the heat from both solar and biomass air heaters, thereby moderating
temperature fluctuations in the drying chamber and reducing wastage of energy. However, there

were two defects with their system:

(1) the drying was not uniform across the trays. Consequently, there was need for
interchanging the trays periodically during drying to achieve uniform dried products

(2) reverse thermosiphoning was observed in the solar chimney during the night.
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CHAPTER THREE

FORMULATION OF MATHEMATICAL MODELS

3.0 Introduction

[n this chapter, the mathematical models developed for predicting and evaluating the
performance of the mixed-mode solar crop dryer with integrated backup heater under no load
conditionsare presented. Four models are presented namely; the air-heater model (solar, burner,
and hybrid), the drying chamber heating model, the air flow model, and the technical
performance model. The air-heatermodel, as presented in section 3.1, incorporates a model for
predicting the pertinent temperatures of the air heater components of the system. The air flow
model predicts the average velocity and mass flow rate of air through the dryer. The technical
performance model predicts the collector efficiency, supply of energy from the burner to the
collector-storage thermal mass, exergy transfer rate of air, and the total entropy change of the
thermal mass. The drying chamber heater model, as presented in section 3.2, predicts the

temperatures of the drying chamber components.

3.1 Formulation of the backup heating and solar air-heating models

The equations governing the performance of the system are formulated by coupling energy
balance equations on the components of the air-heater (solar, biomass, and hybrid heating) with

energy balance for the air. The equations are formulated based on the following assumptions:

1. The backup heater operates under steady-state conditions.

2. The concrete absorber is subjected to constant insolation and hence, variations in its operating
temperatures in a horizontal plane are negligible.

3. The temperature of the air varies only in the direction of the flow.

4. The sky is considered a black-mg wavelength radiation.

5. The heat flow through the glazing and the collector-storage thermal mass is one-dimensional.

e ——
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6. The physical properties of air are assumed to vary linearly with temperature in the range
293K < T <333K.

7. The ambient temperature and wind speed are constant and equal to the long-term, monthly-
average day-time values.

8. The plenum inlet is small compared to other dimensions of the plenum, so that the plenum
walls together with the concrete and absorber and drying chamber inlet form a complete

enclosure over the burner housing

9. The air media within the dryer does not participate in the radiant energy transmission

3.1.1 Energy balance equations on air heating model

hr,c-sk

B X

Figure 15(a)Energy balance on the components of the air-heater and its surrounding

Sc hr,c-sk fwo-a

| O
i i i

hr,c-uw hc,c-f hr,c-ab

Figure 15(b) Energy balance on glass cover

=

e /— . . .
The energy-balance equations on the two components of the air heater as illustrated in

figures15(a) and15(b), and expressions relating the useful energy absorbed by the heated air in

—
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the heater passages to the incident energy (solar radiation) on the system are presented as
follows:

Absorber cover plate (refer to figure 15(a)):

Radiant energy incident on cover glass + net radiation gained by cover from absorber + net
radiation heat gained by cover from plenum enclosure walls + heat gained by cover as a result of

convection between cover and drying air = heat lost through convection by cover to ambient air

+ heat lost by net radiation from cover to sky

acgc +hr,u—al} (Tah -Tc)+ h (Tf -Tc) +hr,uw-c (Tuw -T-:)= hw,c-a (T-: -Ta )+ hr.c-sk (Tc -Tsk) (3'1)
where

c.fc

Concrete absorber energy balance (solar heating mode):
Energy incident on absorber = Energy lost by convection to air + energy lost by net radiation

between absorber and cover glass + Energy lost by net radiation from absorber to wall of plenum
enclosure

§|:| =hc.ab—f (Tah -Tf) e hr.ab-c (Tah -Tr.:) T hr,ah-uw (Tab -Tuw) (3'2)

Air stream (Solar heating mode) energy balance:

Energy received from concrete absorber by convection = Energy lost to cover by convection +
Energy stored by the air

hc,ab—f (Tab -Tf) i q" + hc,f-c (Tf -Tr,) (333)

where
e, (T; - Ty;)

e (3.3b)

q.WLah S n-‘la'r‘:p\a (Tf ] Tf,i) = q" =

Air stream (backup heating and hybrid heating modes) energy balance:

(Energy received from bare exterior surface of burner) = (Energy lost to cover by convection)

+(Energy received‘hy'convectionmer) + (Energy stored by the air)
nrbuhe,ﬁ-bu (Tbu -Tf,i) g hc.ab-fw (Tab 'Tf) o q' i hc,f—cw (Tf 'Tc) (330)
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whereq (mr+W)L,, =m,c,, (Tf - Tﬁ) - q = 0,C;, (Tf _ Tﬂi)

T (m+ W)L, )

For the purpose of modeling the experimental dryer, equation (3.3¢) has been modified since a

resistance heater is used instead of a burner drum. The resultant equation is:

h g.u (Trp—bu 'Tf,i) +h (Tab = f) =iqi h, e (Tc 'Tf) (3.38)

Performance of the air-heater under a given set of conditions

The overall effectiveness of the solar air-heater is indicated by its energy collection efficiency,

1., which is a measure of how effectively the energy available in the solar energy incident upon
the solar collector is transferred to the air flowing through it. In solar heating mode, it is defined

as the ratio of the heat absorbed by the drying air to the solar energy incident upon the absorber

surface, and is calculated from the equation:

n = Cra (I~ 1) (3.4a)
Aal}Sc
Burner heating mode:
omcpa e Ty) (3.4b)
Qe

Hybrid heating mode:

| asidaal) (3.4¢)
AabSc ¥ Qrm

Average heat absorbed by thermal mass:

le C mabcab (Tah,a\r' = Tﬁ) T mrpcrp (Trp,av § Tﬁ) (3'4d)

Where

Tnb,a\r e %(Tab iz Tab=q;) and Trp,av =%(‘T$b'u+_:r ab-l'F)

Rate of change of flow exergy of air from dryer inlet to plenum exit:

_-d—l-'-—._--
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. . . . 1
=¥y = (1 -h) T, e85 (3341 50 (3.4

where

s,-§,=c¢,In (£]+ Rln [P_z]
L Py

Total entropy change equation for thermal mass:

T T i"
(As)m=mabcv,abln(%J T mrpcv,rpln(]-.rp J (3.4f) | .

ab ab-1p

Solar heat charging
During solar heating, the top part of the thermal mass heats up faster than the bottom part. The

thermal energy is conducted through the rock pile until an equilibrium state is established. Heat

is conducted from the top surface of the concrete absorber (Tab-f) to the interface (Tab-
rp)between the absorber and the rock pile matrix, and from the interface to the bottom of the rock
pile (Trp-bu). In steady state, the rate of heat transfer from the interface to the bottom of the rock
pile is equal to the rate of heat loss from the bottom of the rock bed (Figure 16). The energy

!
|
1.=
L
!

balance can be represented by the following equations, assuming heat transfer is one-

dimensional:

e e e el T e e
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Solar heat charging
Tr.0

7

q Node1,T=Tab-rp

FE:K fuk 47 ;Tat}f / /Nudez,T=Trp-m

—Absorber

S e tatau=a
H R ook hed- -0

afelatatatutnlatataegegens

i
' J | v{ , % é /—Nuued,T=le

\ W O] S Ground .......... E\‘ Node3,T=Tbg

Figure 16 Heat transfer scenario during solar heat charging

o=l i R
Node 1 ?\.ah ( ab-f ab—rp) — lm ( ab-rp T]}-bu) (3.5)
xab Xl‘]?
. (Tab-n: 'Trp-bu) -
Node 2: lr‘p X ol hr,rp-bg (Trp-bu -Tbg) =3 hr,rp—!w (Tr]}-l}u -le) + hc.rp-a (Trp-bu ”Ta) (36)
p
o=l
Node 3: h, . (T, - T, ) = xhg( "; «) (3.7)
bg
Node 4: h,,,, (Trp-bu ‘le) = [Rl +(R;R;)/(Ry+R, ):Il (L, -T.) (38)
whetem R =x, /), ; R, =i SReZ1/h
Backup heating ffifide g LATEE R

Heat is conducted from the backup heater through the bottom face of the rock pile (T = e | ) to

s

m—

the interface (T = Tmb) between the rock matrix and concrete absorber and from the interface to

the top surface of the concrete absorber (T = T, ) . In steady state, the rate of heat transfer from

the interface to the top part of the concrete absorber is equal to the rate of heat dissipation from
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the top surface of the concrete absorber to the air. For this reason, a similar computation

procedure to that adopted for solar heating mode can be used with T, >T, and replacing

equation (3.6) with equation (3.9). The heat balance can be represented by the following

equations, assuming the flow of heat is one-dimensional with temperature, T:

Heat charging with burner
Tc T Tuw 'f

hc.ab-f  habuw T=Taf  Node3, T=Tab-f !

Concrete absorber

Wall___ X/ KN |

[N

Node2, T=Trp-ab

Node1, T=Tbu-p

NAARNN

T | Concrete base\
2

Figure 17 Heat transfer scenario during backup heating

e~ T:
Node 1 :lrp ( e ) th r,rp-bg (Trp-bu = Tbg ) " hr.rp-lw (Trp-i:-u ~ le )+ h c,rp-f (Trp-bu n rl-‘f-i )= 0 (39)

K"P
Node 2: A, (T""b“ -T“"ab)= A (Tm'ah -Tab'f) (3.10)
X, X 4
(Tah-rp < Tah-f),.
Node 3:)“3&- =l hr,ab-c (Tab-f -Tl:) i hr,ab-uw (Tab-f -Tuw) i hc,ab-f (Tah-f -Tf) (3'1 1)
Kah__.__rf ///'l

Ty - Ty.) (3.12)
Xy

Node 4:h .. (T,p.hu : Tbg) = (

_F_._._._.;—-'- E
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purpose of simplicity surfaces 2, 5, 6, and 7 are collectively called the upper wall (designated
with subscript uw). The inner surfaces of the enclosure are relabeled as follows:

top surface of integrated collector-thermal mass system: surface 1

upper vertical wall (2, 5, 6, and 7): surface 2

inner inclined surface of glass cover: surface 3

drying chamber entrance: surface 4

In this analysis it i1s assumed that the surfaces are isothermal and diffuse-gray surfaces with

surfaces 1 and the upper wall being opaque and surface 3, a semitransparent surface.

W\ 1400 mm I
AN (%)

317 mm

1249 mm e

&

100

Figure 18 The plenum as a seven surface enclosure

The radiation network of this geometry is shown in figure 19.

N i o S —— =
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Figure 19 Radiation network associated with plenum as a seven surface enclosure

Determination of view factors

The view factors F,,=F,, =F,, =0 since these surfaces are plane surfaces.

The view factor F4; can-be determined with reference to figure 20 as follows:
Surface 4 is extended to include a-m&ce labeled f whereas surface 1 is subdivided into

two equal halves labeled as 1A and 1B as shown in figure 20. The view factor can then be

determflfga;sing the superposition (Cengel, 2006) rule as
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Figure 20 View factor from absorber surface to upper wall
1
F41=_|:A1F(4,f)-—>1 + A FaL, - AfFf—rlE:|

Using figure 1 of appendix A, applicable to aligned parallel rectangles, find
X _1800 Y 1400 _

E = (.74 : with =5.7and — .
(41 . 317 AT
F s =06:with 2.=3%0 5 9apg ¥ _ 1400 _ 4
3 oY,
EIREG6R - with 2220 _ g7 and o2 0%y
%317 317

Substituting numerical values into equ. (3.13) yields

F, = (%1‘_316) [(2.52)%(0.74) + (1.316)%(0.68) - (1.204)x(0.6)] = 0.774

Hence, from the reciprocity rule we note that

Ak, =AE,

Substituting numerical values into equ. (3.14), the view factor from the top surface of the

collector to the drying chamber opening,

A 1.316
Fiogl Eai = 5 o5 x0.774
1 ] -
=0.404 — e

g e - e i e
= i = g = P
" E n e -

(3.13)

(3.14)




The approximate view factor from the top surface of the collector to the glass cover can be

calculated as follows (refer to figure20):

By the superposition rule,

Fl_,{.;_g}} 1Rt (3.15)
From equ. (3.15)
Fs = Fes ~ Fios (3.16)

Substituting numerical values into equation (3.16) yields

= (0.74 - 0.404
= 0.336

E

1-3

Applying the summation rule to surface 1 (top surface of integrated collector-thermal mass):

K, tE, tF; +F,=1 (3-17)
Equation (4.17) implies that

k, =l‘(F13 +F14) (3-18)
Substituting numerical values into equation (3.18),

F, =1-(0.336 + 0.404)
=0.260

Calculation of Fj3

Fy; can be calculated from the application of the summation rule to surface 3 as follows:

Fy+ Fy + Fy + By =1 (3'19)
But F33=0

= %x = 2265428 x0.336 = 0.413

F34 can be calculate_d;fr.;ﬁ the application-of the triangle rule (Cengel, 2006) to surfaces 3 and 4
as labeled on figure 18 by connecting the edges of surfaces 3 and 4 with a fictitious surface to
form a triangle.

Let D denote the fictitious surface.
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Then,
E _L,+L, - L, 1249 + 1800 - 2362
= =

2L, 2x1249
Substituting the values of F34 and F3, into equation (3.19),

= 0.275

0413+ F, +0+0275=1 — F, = 0312

2.048

x0.312 = 0.360
1.776

"By =%F32 i

The view factors between the bottom surface of the thermal mass and the inner surfaces of the
four vertical walls of the burner enclosure (collectively called lower wall) and between the

bottom surface of the thermal mass and the burner floor can be determined as follows:

The entire burner housing including the bottom surface of the thermal mass and the burner
housing floor is regarded as a three surface enclosure. The surfaces are labeled as follows:
Bottom plane surface of thermal mass is labeled as surface 5; the burner housing floor as surface
6; and the inner plane surfaces of the four vertical walls of the burner enclosure (also called the
lower wall, Iw) are collectively designated as surface 7. Surfaces 5 and 6 are shown in figure 21.
Surface 5 is extended to include a fictitious designated as f. surface 6 is subdivided into two
surfaces called 6A and 6B. The view factor from surface 5 to 6 can be determined as follows:

= 90 mm: ~ 1800 mm ’\

O N s i
N + S

\____._.........._.._.._....._._.___.— -——

B N 1890 mm S\

Figure 2}-View factor from thermal mass to lower wall
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1
E[AﬁF(s,f)-m Ao s = AfFf—;ﬁB] (3.20)

Fiﬁ

Using figure 1 of appendix A, applicable to aligned parallel rectangles, we find

... X 1890 Y 1400
F =0.52: with=—= —239and == =5,
S L 600 T w600
Ff_}ﬁﬂ = (.04 : with X: 90 =0.15 and z == Mﬂ =
L 600 L 600
F.is =0.52: WithX =1800=3and K = .li(_}g_ =23
L 600 L 600

Substituting numerical values into equ. (3.19) yields

F, = (2><2 ) [(2.646)x(0.52) + (2.52)x(0.52) = (0.126)x(0.04) ] = 0.532
STt 200
v ey
=0.507

Applying the summation rule to surface 5:

Fys +F +F; =1 (3.21)
From equ. (4.21),

F,, =1-E, (since F,, = 0) (3.22)
F, =1-0.532 = 0.468

E. = B i= P2r e x(.468
Subsequently, A, 4.427
=0.266
The views factors determined in section 3.1.2 were used in calculating the radiation heat transfer
coefficients used_i_r}:fafmulating Wg models under section 3.1.7.

86



s

3.1.3 Modelling of air flow rate

Drying Air ;

Backup heater

Figure 22 MNCSCDBH showing flow passages

Air flow is induced by the difference between temperatures of air in the system components and
ambient air (figure 22). The thermal buoyancy (A P) in the system components is given by (Bala
and Woods, 1994)

BpagI-I(‘AT) = &Pbu T APcu T &Pdd T APW (323)

Resistive pressure within air passage components is given by:

1

AP =E( Pk, Vi P K v, + Pavai) + KuVa (3.24)

“heu T p

— ’,/_J

where v, is the average dryer inlet velocity, v, is the average plenum velocity, v, is the average

drying cabinet velocity, and v, is the average vent outlet velocity.

The continuity of mass for the flow passage requires that
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I.h:piA‘vi =pPAPVP =pdhAdbvdh =pGADVU (3,253)
From equation (3.25b)
p.AV p.AV
v =10 0 0 and Vdd = 8.0 325b
i pPAP pddAdd ( )

The total buoyancy pressure of the drying air (AP, ) (i.e. the LHS of equation (3.23) is found by

summing up the contribution from the burner unit (bu), collector unit(cu), drying bed (dd) and
vent (vu) as indicated. Making the substitutions prescribed in equation (3.25b), equation (3.23)

becomes

N

BpugH(Tf,n = Tﬂi ) =

< 5 2 3
] p.A I p.A p.A

—<p.K H[M] +—p Kcu 29, +p.;.Km w'ﬁ -i-(K #-]Vn.... 3.26
2 i - A, 25 PPAP g PaaAad ( )

The terms on the RHS of equation (3.26) are pressure resistances due to contraction, bending,
and expansion at inlet, expansion at the collector section, pressure resistance in the drying
chamber, and bending and contraction at the dryer outlet respectively. As the drying air leaves
the burner enclosure, it passes through a narrow horizontal rectangular slot, resulting in
contraction and pressure loss. In the collector, the drying air flows from a narrower cross-
sectional area to a wider section at the exit from the collector resulting in air expansion and
pressure loss. These losses are included in thecomputation of pressure loss coefficients.

The coefficients X, , K, and K, are calculated according to ASHRAE (2009) based on the

following assumptions: (a) the burner enclosure/unit is rectangular in section, (b) the collector is

an asymmetric diffuser, and (c) the flow of air is viscous and fully developed.
f. H
K, = b %hu + K, (3.27)

where K _ accounts for pressure loss during contraction and is computed according to Miller
(1978).

K, =me% s P (3.28)

The lossceefficient associated with expansion of air from a narrow section into a room ( K, ) was
computed according to ASHRAE (2009).
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For laminar flow, the friction factor f can be calculated from (Bala and Woods, 1994; ASHRAE,
2001)

_ 64
f =642, (3.29)

pv.D

Re = e (3.29b)

where v, is the fluid inlet velocity.

The resistive pressure coefficient in the drying bed (X ,, ) was calculated from the correlation
reported byAyensu (1997).

Equation (3.26) is solved for v, and the mass rate of flow of drying air,
m = p,A.V, 4:40)

The input variables to the air flow model are T,; (dryer air inlet temperature), T, the plenum air

temperature, and T, the dryer outlet temperature. The dryer inlet temperature is periodic in

nature.

3.1.4 Estimation of heat transfer coefficients

The radiation heat transfer coefficient between the glass cover and the sky (i.e. from a collector

to the surroundings) is given by

b =oce (T + CBET + T (3.31)
where Ty, the sky-temperature, is evaluated from an equation given by Ong (2003) as

T =0.0552(T.)"" (3.32)
For a rough assessment of sky temperature, Whillier (1967) provides even a simpler expression

e g (3.33)

a

The effective sky temperature is related to the dew point temperature, dry bulb temperature, and

the hour from midnight, #;, by the following equation (Duffie and Beckman, 2006):
B / )
1, =1,(0.711+0.00566,, +0.0000736,, +0.013cos(15rh) (3.34)

s

—
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whereT,, and 7, are in Kelvin and 6, is the dew point temperature in degree Celsius. The

experimental data on which equation (3.34) is based is valid for dew points ranging from - 20°C
to 30° C. It is reported that in general, the difference between the sky temperature and the
ambient air temperatures range from 5° C in hot, moist climate to 30° C in a cold, dry climate. In
this study equation (3.32) was used since it is relatively simple and also gives fairly accurate
results. It has been noted that a cloud cover will tend to increase the sky temperature over that for

a clear sky.

A number of models have been proposed for the wind induced heat transfer coefficient between
a solid boundary and the ambient as noted by Duffie and Beckman (2006). But, there is no well
established model that is applicable to all situations. However, in situations similar to the current

study, one equation that has been used on a number of occasions with acceptable results is (Ong,
2003; Ong chow, 2003)

h,., = 5.7+ 3.8V (3.35)

The radiative heat transfer coefficient from the concrete absorber to the cover plate (glazing),

h, .1 given as:
G(Tab +Tc ) (Tazb * Tcz )
h. = 3.36
r,ab-c I'Eab . 1 3 pc ( )
Aabgab AabFah —cC A-::Ec

The radiative heat transfer coefficients from the concrete absorber to the three vertical walls

adjoining the upper part of the thermal mass, #_, ., are given by the general expression (Cengel,

20006):
o(T,+T, )T +T
hr,ab-uw= 18( = “wl)( E ;WB) (3.37)
“Cab + Al “Cuw
Aabaab AabFab-buw Auwauw
Assuming (a) rock bed and the conerete base are parallel plates, and (b) rock bed is

perpendicular to the wall enclosing the burner:The radiative heat transfer coefficients between
the bottem-surface of the rock pile and thegroundand between the bottom surface of the rock pile

and the walls of the burner enclosure are given by the following expressions:

e =

= —— - —

R -

e o e e — = —— -

—

e T e



h =0 B (3.38)
 p  Ebg
. and
ST, + L ) (T T )
T (339)
Amam AmFrp_,,w ALES

The average Nusselt number for flow upwards (free convection) at the bottom surface of a

heated plate (Incopera, F.P., De Witt, D.P., 2007) with angle 0 <@ <60 and characteristic

dimension L,_,=A /P is given as:

i 4
Nu, =0.68 + oriRa; ——75» for laminar flow (OfiRaL <10°) (3.40)
[1 + (0.492/91-)/16}
32
— I/6
Nu, =40.825 + 0'387RaL9 777 ( » for turbulent flow (RaL >109) (3.41)
[1 ¥ (0.492/Pr)/6]
where
T = T. )5
RANS G pr (8°0s9)B(T T (3.42)
va
C a p‘ah-f‘ -5 1
wheree.g. Pr, = 2220 B=—
B "
; . TR AT .
All fluid properties are evaluated at the surface film temperature, T = — .The g term in

equation (3.42) is replaced with gcos6 to account for the effect of inclination of the solid

boundary. For 8 above 60°, the Ray is interpolated between 60°and 90° as information for that

range is lacking. e —
According to Incopera et al (2007) the recommended correlation for average Nusselt number for

the upper surface of a heated horizontal plate based on a characteristic length L=A_/P is given

das:

o1

i A T — - =

SR

=gl = _:-—_—'-— —'-‘--—-'.
2 e = - s
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Nu, = 0.54Ra}* (10* < Ra, <107) (3.43)

Equation (3.43) will be used for calculating the natural convection heat transfer coefficient
between the top surface of the concrete absorber and the drying air.

Assuming the rock bed is a horizontal plate cooled from the bottom, the recommended

correlation for calculating the average Nusselt number for flow over the bottom surface of a hot
plate (Incopera, F.P., De Witt, D.P., 2007) is given by:

Nu, =0.27Ra;" (10° <Ra, <10°) (3.44)

For improved accuracy a characteristic dimension L_,=A_ /P _is used for calculating the
Rayleigh number which is given by:

s 1)L Pr
R3L=EB( x sz) "’ (3.45)

Equation (3.44) is used to calculate the convection heat transfer coefficient for convection
between the bottom surface of the rock pile and ambient air.

The recommended correlation for the average Nusselt number for natural convection over the
bare exterior surface of the cylindrical burner based on the diameter of the burner cylinder is

given by

0.387Ra"*
8/27
[1 . (0.559/1)1-)%&]

o

Nu, =10.6 + (3.46)

where Ra, < 10" (Cengel, 2006).

The recommended correlation for the average Nusselt number for natural convection between a

fluid stream and a plane vertical surface is:

; 3 2
—
-

—

MU Oe2s  — =1 : (3.47)

1+ (0.492/Pr)%6]%" |

—

_..l-.--""-

The convection heat transfer coefficients for natural convection is generally given as
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h=Tr (3.48)

The total radiation S, incident on the glazing surface may come in various proportions of direct,

diffuse and reflected (either from the ground or neighbouring surfaces). It may be given as

monthly, daily or hourly average total radiation. The irradiation absorbed by the concrete

absorber is given as

Sr=(z.a,)Sc (3.49)

3.1.5 Thermo-physical properties of air

The air inside the plenum undergoes heating after going over the bare exterior surface of the
burner before rising through the rectangular aperture located in the thermal mass into the
plenum.

The thermo-physical properties of air (density, thermal conductivity, specific heat and kinematic
viscosity) are assumed to vary linearly with temperature T (K). The following relations valid for
293 K < T < 333 Kare assumed for various thermo-physical properties of air(Ong, 2003; Ong
and Chow, 2003):

p = —0.00387 +2.3180 (3.50a)
k =[00732T + 4.1672]x107 (3.50b)
C, = 0.0000098 7 + 1.0038 (3.50c)
v =[0.0942T + 23180]x10°° (3.50d)
1=[1.846+0.00472(T -300) |x107° (3.50¢)

The recommended (Kern and Harris, 1975; Duffie and Beckman, 1991) value of the collector

tilt3, for maximum annual collection of solar radiation is the latitude of the site. However, from
== ’_//_—_-_; .

experiments the minimum slope for rain-water to drop off a sloped surface is 6°. Hence, the

minimum value of the collector tilt is 6°.

i

L —
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3.1.6 Solution procedure

The subscripts ab-f and rp-f are used to denote the interactions between concrete absorber and

plenum air, and between rock pile and inlet air.
Solar heating mode (thermal mass equations)

By manipulating equations (3.5) to (3.8), we obtain

Tab-rp = A1Tab * Brlrp-bu (3.51a)
Tobu = B2A2Taprp * CoAgTyg + DyAs Ty, + EyA, (3.51b)
Tog = Blrpbu * ©3 (3.51c)
Tiw = A4Tpbu * B4 (3.51d)
where

o T R (Y T ey )
Azab P, ab B = =Pl TR ab AU e +h L o

[ X - I 5 - 2 rrp-bg  rrp-lw  crp-fi
ab\ "TP “ab p\ TP “ab rp

: C h D5 =h d E5,=h 30

Byl = :r; 2 r,rp-bg’ 2 rrp-lw’ - 20 *cipfl L

-1

A A A

I bg _| “bE 3 _| “bg

4 330 hr,rp-bg iy _— = 3 £ hr,rp-bg ’Pl hr,rp-bgBS” c3 [ A JTETBE;
bg bg g

B
1
A4 B w2 ={(R‘ ' hc,lw-f,i) By } and B, =P) (R, +(R,R:/Rs+R,)) Ty

Equations for cover glass and absorber(solar heating mode)

Equations (3.1) and (3.2) can be simplified into the following expressions:

T, =EET, +EG,T, + EM/T,, +EG, (3.52a)
Tab = GSTf i F4Tr, i GdTuw + CB (352b)
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where Fy = (h, ., +h, o +F,+G,+M,)", F,=h,_,. G,= a5 +h,,T,+h T ,G,=h_,

w,.c-a "a r,c-sk
Mi= e

-1
35 =(h¢_ab_f + hmm t hr_ﬂ,:,_mr ) 5 Ce= Spr G,= 1-1‘;’a]m_f14*_U F, = hrlnb_':]:}, G,=h F,

r,ab-uw

In solar heating mode, the air stream model (from equations 3.3aand 3.3b) becomes:

Ty = LA Ty + AT + G (3'53)
, g
.. m.c_
where A, =[WL:, th e +hc,ab-f] : LERR BF WL‘LTr,i; Co =7,
ab
| Ay =0

Equations (3.51a), (3.51b), (3.51c), (3.51d), (3.52a), (3.52b), and (3.53) constitute a set of linear

. equations. This system of equations was solved to simulate heating in solar mode. The variables

investigated areT, ., T oo Ty =1, T, T, Tp, and T . The ground temperature T is

ab-rp ? rp-bu ? Iw ?

assumed to be at ambient (meaning Ty = T,). Equation 3.32 (i.e. T, =0.0552(T,)"’) was used to

calculate sky temperature.

l Burner heating mode (thermal mass equations)

Manipulation of equations (3.9), (3.10), (3.11), and (3.12) give:

‘ =acT  + BT, +@ls % D; (3‘543)
Trp—nb = AISTrp-bu 25 BﬁTab-f _ (354b)
L= ATy + B, T, + G T, + D T; (3'540)
T, = AL, + B, (3.54d)

R R T T R W R T W W g T -

-1
Ao [ Mg—r
— TP — fF‘
Where A r rp-bg fit r Tp-bg + hr,rp-bg + hr,rp-lw + hc,rp-f ?
X X
;- p
'r A -1

:'f = p = AP

|r CS % hr.tp:[_: A hr;p—bg T, rp-lw ) c,rp-f { X + hr.rp-bg + hr,rp—lw + hc,rp-f J

' p

p

95

W S T ——E — g e -

A .

t
:
.E
|
|



) W A :
A? = (_.h_](hr,ab-c +hr.ab—uw +hc,ab—f +x_ab_J ’ B‘.r T hr,ab—c [hr.ab-c +hr,ab—uw +hc ab-f +l_.b]
: X

=1
A
CT W hr,ab—-uw [hr,ab-c +hr,ab-uw +hc,ab-f +'K_J 20 B hcabf
ab
5
A A s

= bg 2 4 I
Ag = B, g ('X— s hr.rp-st =' B, = }"hg/xhgTBr (i &r hr.rp—bg] |4
bg xbg i

Equation for heated air (burner heating mode)

Combination of (3.3b) and (3.3e) can be simplified into the following expressions:

T = M T + MAT, — VAT + G (3.55)
Collector efficiency:
me _(L- T,
e o) (3.56)
Qtm
- -1
_— macpﬂ . p— . — . - . —
?“'1 _[hc,:b-f ‘hc,f-c + WLab ] s W= hc,bu-ﬁ? 7“5 _hc.ab-f? Y _hc,f-n’ C9 _l‘l?“'? i

m.c
A, =( s 'hcbu-ﬁ )Tﬁ
WL ;

ab

Equations (3.54a), (3.54b), (3.54c), (3.54d), and (3.55) constitute the air heater model in the

burner heating mode. This system of linear equations was used to predict temperatures in burner

e ——

heating mode.The variables investigated are cover glass temperatureT,, plenum fluid
temperature (T; < 80 °C), concrete absorber surface temperature ( T,, ), burner external surface

temperature or burner rock pile/mmperature (T, ), Tock pile absorber interface

temperature (T__, ), lower wall temperature (T, =T, +39.7), plenum wall or upper wall

e M iy — - g

temperature (T, ), and burner floor temperature (T,, =T, + 20).

— s e
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Combined (hybrid) heating mode

Equations for cover glass and heated air:

From equations (3.1) and (3.2) the following expressions can be formulated for the cover glass
and heated air respectively:

T, = ERT, + KG,T; + EM|T, + EG, (3.57a)
Tab = Gan 3 F4T¢ Tz G4Tuw a0 CE (35713) t

' -1
where FI _ (hw,c-a i hr,c—sk +hr,c-ab & hc,f-c 27 hr,uw-c) ’ F?. =h

G,=a,8 th 1 +h SEiG = He H
Ml =hr,uw-c and |

r,c-ab rc-sk © g -C

F3 =(hc,ab-f +hr,ah-c +hr,ah~uw) L] CS =§pF3=' G3 = hc,ah-fF3=‘ F4 = h F » G4 = hr.ab-uwFB

ab-c™ 3
The air stream model for burning heat charging is applicable to hybrid heat charging.

T = AT, + AAT, -y AT + G (3.58)

_ -]
mﬂc a :
M =( (mbu 0 Vf’) m Ehoe + hc.ab-fJ i S he - M S 5 e b S TS A,

or

: 1
mﬂc a = _— - i = ——
A, =[hc.=h~f-h=.f-c +(mbu +V:;)th] s My _hc.bu-ﬁ; As _hc.ah-f: Y1 ""hc,f-cs LoTMA,

m,c
A, = {—“;L—p“-hc‘hu_ﬁ JTﬁ for the laboratory model

ab

Equation (3.10) can be applied to hybrid heating mode under steady state assumptions. The l

resulting equation is: "
i

Tou=Y 5T, + VY, T, (3.59) I,‘I
N \ 5 e \ t
Equation (3.9) can be adopted for hybrid heating mode on the premise that total thermal energy E

gained by rock pile in the combined heating mode is lost from below the burner by convection to
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inlet air, net radiation exchange between rock pile and burner floor as well as lower burner walls.

For this application, equation (3.9) becomes:

T oAl

p rp-ab

+ B,T,, + CT,, + D, (3.60)

p P

. ?\‘m 7l‘m i A i
where Ay = = T hr,rp-bg + hr,:p-lw + hc,rp-f 5 By= hr.rp-bg X_rp'l_ hr,rp-bg e hr.rp-iw it hc-rp-ﬁ >
P

1 -1
A A
C5 = hr,rp-lw [qx_"P +h r,rp-bg o hr.rp-lw T hc:,rp-ﬁ J > DS ¥ hc,rp-ﬁ Tﬂi (X_"P + hr.rp-bg P hr,rp-lw +h c,rp-fi ]

rp p

Equation (3.11) can be used in hybrid heating mode because of the similarities to burner heating

mode. The resulting equation is:

Tab—f = ATTab-rp + B'?Tc T C?T:Llw T DTT{:‘ (361)
where
-1 -1

A vl A
A? = [_HbJ(hr,ah-c +hr,ab-uw +hc,ab-f +_ab > B'? 7 hr,ah—c [hr,ab-{: +hr,ab—uw +hc,ab~f +_abJ

X ab Xab ab

et
C? T hr,ah-uw [hr,ab-c +hr,ab—uw 17 hc,ab-f +X—ah : DT = hc,ab-f
ab /

Equation (3.12) can be adopted for hybrid heating to take care of net radiation exchange between
thermal mass and burner enclosure from which is subsequently conducted to the ground. The
resulting modeling equation is

T, = AT, +B, (3.62)

g 8 “rp-bu

-1 =l
A\ A
where A, = M, ot [—hi + hr,rp-bg] ; Bg = ?\‘bg/xbngr{ =+ hr.rp-bg]

Kpg X bg
In hybrid heating mode, the empirical correlation Tvg = 8.66T, — 2237.3 was used for calculating

the burner floor temperature (Tpg)

S

Collector efficiency:

—

i
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(3.63)

[ n.= m Cp,a (Tf' Tf,i)
% “’ (Schab)_l-th
|
L

3.2 Drying chamber heater model

The subscripts dc, fo, and dw refer to drying chamber cover glass, temperature of air exiting

drying section, and drying chamber wall, respectively.

hr,c-sk

hw,ca hrdw-cd

\ qcond
ﬁ—\ hr.cd-w /

\ hc dw-f

hc,f-cd

Figure 23 Energy balance on components of drying chamber

Under no-load, steady state conditions the energy balance equations on the drying chamber (see
figure 23) are as follows:

Energy balance on drying chamber glazing (T, ):
Adc (acgcd ) + Adchc.dc-fo (Tf.n - Tdc ) Ty Adw h r,dc-dw (Td: - wa ) + Adch w,dc-a (Tdc B Ta ) T Adl:h rde-sk (Tdc ) Tsk ) (3 64)

Energy balance on drying chamber wall under no load conditions:

T w -1 WO
A h f (wa -Tf') + Adwhr,dw-dc (wa -Tdc)=Adw)\'dw ( - - ) (3'65)
| Rt

dw " "c,dw-
X d

W

Equations (3.64) and (3.65) can be transformed and simplified as follows:

—
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N S R

. K, + KT,

de Kl (366)
Ty =22 Ty + Z,2/T; - Z,Z, (3.67)
where
Kl = Adchw,dn-n +Adchr.dc-sk +Adchc.dc-fo; KZ =Adcac§cd +Adchw,dc-a Ta +Adchr,d:-skTsk; K3 = Adchc.dc-fn

-1
‘)\' W
Z,= [hc.dw-f Bl '—(‘l‘"‘] o T
xdw
A
ZB =hc,dw-f ? Z4 =_£d_w_wa-° ? wa.u =Ta +3
dw

Equations (3.66) and (3.67) together form the drying model under no-load conditions. The input

variables to the model are the drying chamber inlet temperature, T, , the ambient temperature, T, ,
and the solar radiation incident on the glass cover on top of the drying chamber, S , . The drying
chamber inlet temperature, T, , is an output from the simulation of air heating in the three modes

of heating. The irr:stdiaticm,,§mi , and the ambient temperature, T, are periodic in nature hence the

sky temperature, T, will also be periodic. The model is used to simulate T, and T,, under

varying ambient conditions in the three modes of heating.
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CHAPTER FOUR

EXPERIMENTAL SET-UPS: DESCRIPTION, INSTRUMENTS, MEASUREMENT
TECHNIQUES, AND TESTS

4.0 Introduction

Experimental data needed for the development and validation of the mathematical model was
obtained using a laboratory model of the dryer. The laboratory model adopted for
experimentation is of geometrically similar construction to the designed prototype dryer. This
model of the dryer which is able to simulate all the features of the designed dryer was adopted as
a measure to cut down the cost of experimentation. The dryer is a mixed-mode natural
convection solar crop-dryer. The laboratory model can accommodate two thousand two hundred
and sixty-two grammes (2,262 g) of wet agricultural produce at any time. The general
description of the small scale dryer used is provided in section 4.1. The description of the
instruments and the measurement techniques adopted during the experiments is presented in
section 4.2. A summary of the test series is provided in section 4.3. A more detailed description
of the design principles including sample calculations for the determination of the various

dimensions of the laboratory model is outlined in Appendix B.

4.1 Description of experimental set-ups

4.1.1 Laboratory model

Figures 24(a) and 24(b) show pictorial views of the laboratory model of the mixed-mode solar
crop dryer with backup heater and the solar and burner simulators in operation. Figure 24(a)
shows the laboratory dryer with manual instrumentation whereas figure 24(b) shows the dryer
with a data logger. Manual instrumentation was used in the characteristic studies of the dryer

under no load conditions whilst the data logger was used for experiments involving dehydration

of products. —
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- Data logger
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Barnant 115

thermocouple
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Figure 24(a): Pictorial view of the laboratory model of MNCSCDBH.

Shed

Solar
simulator

Drying chamber wall
Showing
thermocouple wires
and product being
dried

Burner

housing

Electrical extension
board that supplies
power to solar
simulator and burner

Figure 24(b): Pictorial view of the laboratory model of MNCSCDBH.
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Figures 24 (c), 24(d), 24(e), and 24 (f) show sketches of the dryer and solar simulator unit with
some important dimensions, the solar simulator platform and supporting member, the concrete
absorber and rock pebble bed unit, and the vent outlet openings integrated into the dryer
hardware to control the outflow of air.

Supportng e
]
Eledirical connecéon from
solar simulator 1o switch
"4
[
: |
A %)
Drying chamber
glass cover 2cm
664mm !
530mm «"?Tl
410mm 1(IJrrm 3
}
324mm
T
 Z
384 mm
J 1 . 1 312
R40rmm
Plenum glass
cover
.

Dryer inlet —

Figure 24 (c) Solar dryer and solar simulator arrangement
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Figure 24 (d) Solar simulator and supporting structures

Six infra-red lamps, 120 W each, arranged on a panel which can be fixed at four different heights
(324mm, 410 mm, 530 mm, and 664 mm) above the middle plane of the plenum glass cover, (as
shown in figure 23(h) served to simulate the incident solar energy required for the drying
operation.

Four main components of the dryer can be identified (see figures 24(a) to 24(f)): an air-heater,
through which the drying air is heated as it flows over the absorber slab in solar drying mode; a
1800 Watts electric resistance heater attached to the base of the thermal mass (shown in figure
24(g)) simulates the backup heater; a drying chamber, in which the product to be dried is placed;

and a vent, through which the moist air is vented to the surrounding.

Concrete absorber

| A -ve
| Baffles for \

regulating through
plenum ' electric heater Rock pebble bed

Figure 24 (¢) Concrete absorber and rock pebble bed arrangement
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The air-heater consists of a concrete slab absorber integrated with a rock pile bed which

constituted a thermal mass system. The thermal mass system serves as a temporary heat storage

medium when the biomass burner is used.

1800 W electrical
resistance heater

used to simulate
biomass heater on
small scale dryer

Figure 24(g) 1800 Watts electric heater
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Figure 24 (h) Solar simulator platform

The thermal mass system which measures 400 mm x275 mm x 100 mm is painted matt black on
its top surface to improve its thermal absorptivity. The plenum air inlet opening (31 cm by length
internal) has two 2 cm thick baffles (shown in figure 25) for regulating air flow through the
dryer. The rectangular air gap can be adjusted to 20, 40, and 60 mm widths. The rock bed (which
makes up 70 mm thickness of the integrated concrete absorber thermal mass and has a rock

pebble volume of 0.00355 m” whereas the concrete absorber is 30 mm thick.

Glafoil (insulator material)

Thermal mass with

absorber top surface
painted mat black

Plenum inlet opening

SN s

Thermal mass slabs
for regulating air
flow through the
plenum

Figure 25 Integrated __absorber—thenp/aj_mass—systcm showing slabs for controlling air flow

The drying-ehamber has a trapezoidal section but with a rectangular drying surface measuring

141 mm x 367 mm. It houses three removable extended metal-mesh trays, arranged vertically in
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line on guides that are spaced 72 mm apart with the lower tray at a height of 240 mm from the
base of the plenum. The second and third trays as shown in figure 25 are 312 mm and 376 mm
from the plenum base, respectively. The distance from the top of the third tray to the lower edge
of the drying chamber roof is 100 mm. The side walls are made up of block board and the roof is
made of glazing. There is a door that provides access to the chamber for loading, and unloading
the crop and it measures 200 mm x 402 mm. The entire wooden structure that makes up the
plenum and drying chamber fits into a rectangular slot (measuring 440 mm x425 mm internally)
with a glass foil insulation material between the wooden components of the system and the

burner compartment (see figure 25).

Products
being dried

Drying trays
numbered 1, 2, 3

T :L'g Y .

Figure 26 MNCSCDBH showing drying trays

An exit air vent 400 mm wide runs across the width of the top back of the drying chamber. The
height of the vent can be adjusted to three positions (20 mm, 30 mm, and 40 mm respectively)
giving three variable air exit areas for dryer characteristic studies. The three positions are

provided to investigate the effect of varying the exit vent size on the performance of the dryer.

—

-

4.1.2 Operation

The dryer is designed to operate with solar radiation as the main energy source. The back-up

_-—'-'-'_F.-

heater is used when radiation is inadequate and at night so that continuous drying is not
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interrupted. When the dryer is run on solar energy as the main energy source, atmospheric air
picks up heat energy absorbed by the concrete absorber and rises through the drying cabinet to
effect drying. In addition, direct solar radiation entering through the transparent top cover, is
absorbed by the interior surfaces of the cabinet and by the crop, thus, providing additional energy
for drying. The heated surfaces further warm the surrounding air, which rises by natural
convection, passing through the drying trays and picking up moisture from the product being
dried. The moist air finally exits the dryer through the vents on the upper back side of the
cabinet. This action reduces the pressure inside the cabinet and ambient air is drawn into the

dryer through the inlet holes in the brick wall. A continuous flow of air is thus established.

During periods of low radiation, the back-up heater is used to supply heat energy. The resistance
heater heats up the rock pile bottom surface, which in turn warms the air naturally aspirated
through the system as it moves over the rock pile surface. The warm air rises up into the drying
chamber, evaporating and picking up crop moisture as it passes through the trays, and then
escapes through the top vents as before. By regulating the amount of air entering the burner the

heat delivery rate can be controlled.

4.2 Instrumentation and measurement

The laboratory dryer was fully instrumented for the various measurements. The following
parameters were measured during experimentation: mass of pineapple, temperature, relative
humidity, moisture content levels, wind speed and _air flow through dryer. A combination of
hand-held instruments and sensors and a data logger (21X Micrologger) were used to make and
record the measurements under load conditions. Under no load conditions the instrumentation
was done manually. Figure 27 shows the experimental dryer with the locations of the

temperature measuring sensors and humidity probes.
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Figure 27 Schematic illustration of the laboratory dryer showing the locations of the temperature
and relative humidity measuring sensors.

The instruments and the techniques used to measure the various parameters during the

experiments carried out on the laboratory model described in section 4.1 are provided below.

4.2.1 Laboratory model instrumentation

Air speed, relative humidity, and temperature measurement

The concrete absorber top surface and rock pebble bed underside surface temperatures; the
glazing temperatures of the plenum and the drying chamber; the inner wall temperatures of the
burner housing and the plenum; the burner floor temperature; the drying chamber wall
temperature; the absorber-rockpile interface temperature; and the average plenum air temperature
were measured at intervals of twenty minutes between consecutive readings in solar heating
mode and intervals of fifteen minutes in burner heating and hybrid heat charging modes
respectively, with h:lfrc'ury-in-glas/s/t_hf_’_,nm_ctcrs (the mercury-in-glass thermometers used
could measure up to 250 °C) with accuracy of £ 0.1°C during the dryer characteristic studies. The
thermometers were attached to the various parts using sellotape. The bulbs of the mercury-in-
glass thermometers connected to the inner surfaces of the plenum and drying chamber glass
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covers were covered with thin foil to prevent them from measuring direct radiation from the
infra-red lamps. The wind speed, air inlet temperature, atmospheric pressure and air inlet relative

humidity were measured with a weather center (model PCE-FWS 20 mounted at the test site)

shown in figure 28.

Figure 28 PCE-FWS 20 Receiver and weather centre

The air outlet temperature and relative humidity were measured with a portable Macronta LCD
Indoor/Outdoor thermometer/hygrometer (CAT 63-867) in conjunction with a Vaisala H M34

humidity and temperature meter (measuring range: 0 — 100% RH and -4 to +140 °F) as shown in

Figure28.

Micronta
Vaisala H LCD
M34 humidity
humidity and
and temperature
temperature meter
probe

i

Figure 29 Vaisala H M34 and Macronta LCD humidity and temperature meters
o — //—"

A Barnant 115 thermocouple (model number: 600-2810) was used to measure the rock bed-

 ———

absorber interface temperature.
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482 °F (250 °C). The intensity of infra red radiation (from infra red lamps) on the inclined plane
of the plenum glass cover was measured with a solar meter (model 776).

Figure 30 Barnant 115 thermocouple Figure 31 Solar meter (model 776)
(model number: 600-2810)

Under load conditions copper-constantan thermocouples (type K) suitable for temperatures
ranging from 0 to 200° C were used to measure the following temperatures:

air inlet temperature, Ty

average burner housing floor temperature, Ty,

average inner burner housing wall temperature, T,

average rock bed bottom surface temperature, T,

average rock pile-absorber interface temperature, T, .

average absorber top surface temperature, T«

average inner plenum wall temperature, T,

average plenum fluid temperature, Ty

average product surface temperatures in trays 1, 2, and 3 respectively T, T;, and T,
average air outlet temperature, Tfo

The output terminals from twelve th/c'rplcsmplcs. measuring the temperatures listed above, were
connected to a thermocouple temperature logger (21X micrologger, Campbell Scientific; S/N
11552). The logger, which measures temperatures up to an accuracy of * 0.01°C was

programmed using the 21X prompt sheet. The programme and, hence, data collected were stored
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on storage module SM 192 (S/N 11487). The temperatures were continuously monitored and
logged out using the 21X Micrologger from Campbell Scientific Incorporation, U.S.A (see figure

32). The logger was programmed in the single channel mode to select an input to a channel

every 5 minutes and the recorded data integrated to give the hour-by-hour values.

Data logger
showing
thermocouple
Battery for
powering SN 192 Storage
data logger module
connected to
data logger

Figure 32 21X Micrologger, Campbell Scientific Incorporation, U.S.A

Measurement of product moisture loss
The weight loss of the samples were measured hourly by the use of an electronic scale with
accuracy of + 0.1 g (Metler PM 34) by removing the trays from the drying chamber one after the

other.

Calibration of instruments
Calibration of mercury-in glass thermometers
Ice Point Method

A measuring cylinder was filled with a uniform mixture of potable crushed ice and water to

within 1 inch of top of container to provide an environment of 32°F (see figure 33).

- =7
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Insulation material /
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/

Iced water (32°F, 0°C)

Bulb of thermometer

Figure 33 Setup for calibration of mercury-in-glass thermometers

When the mixture of the water and ice had stabilised after about five minutes, the mercury-in-
glass thermometer to be calibrated was inserted such that the sensing portion (from tip of

thermometer to the dimple on stem) which is about five (5) centimeters depth from the bulb was

immersed in the mixture.

Measures were put in place to ensure that the stem of the instrument did not touch the bottom
and sides of the container. Sufficient time was allowed for the thermometer reading to stabilise.

Thermometers that were not accurate within +/- 2°F of 32°F were replaced.

Calibration of the Barnant 115 thermocouple

The steps taken to calibrate the Barnant 115 thermocouple were similar to those described for the
mercury-in-glass thermometer. The exception was that the Barnant 115 thermocouple had a reset
button that had to be pushed to recalibrate the setting (see figure 34). The resetting was

done by holding the on/off button located behind the digital display unit for about 8 seconds to
enter the calibration mode.

Procedure:

The stem of the Barnant 115 therm’o/c’(ﬁlj:u’lg_gas immersed into the ice water bath ensuring that
the tip was in the mixture deep enough and not touching the bowl. When the display had become

stable, the “CAL” button was pressed until the display read 32°F (0°C)
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Figure 34 set up for calibration of Barnant 115 thermocouple

Calibration of type k thermocouple (Chromel / Alumel) wires

Thermocouple composition: a positive leg, which is approximately 90% nickel, 10% chromium
and a negative leg, which is approximately 95% nickel, 2% aluminum, 2% manganese and 1%

silicon.

Thermocouple (room
temperature)

o o O
O o o
g O o

-
Digital multimeter \ AN | |
Socket 1 Blectric socket 2
A
\ L]
popopoooop®

. .
BTgml " —__Themocoupl

g =7 1
¢ ﬁ W) Pl
popooooo® > 5 -~ag-——— Thermo bath
thermocouple

Figure 35 set up for calibration of k- type thermocouple wires
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Procedure:

|. The thermo bath was filled with water to the required level and the apparatus was connected to
the power supply (see figure 35).

2. The water bath was turned on by switching the main switch (1) as shown in the figure.

3. The set-in switch (8) was used to set the temperature to the desired level (30 deg C to start) by
turning the knob (6) and observing the display (7). In normal mode, the temperature shown on

the digital display is the actual temperature of the bath (Tg) against which the thermocouple
sensor would be calibrated.

4. The ends of the thermocouple were connected to the ends of the digital multimeter and the

multimeter was set to read in millivolts DC.

5. One end of the thermocouple junction was immersed in the thermo-bath liquid and the device
was left for few minutes to stabilise (i.e. the reading on the multimeter became steady except the
last digit).

6. The digital multimeter readings were recorded in millivolts (Ey) and steps 3, 4, 5, and 6 were

. repeated in temperature increments of 5 degrees from 30 to 60 degrees Celsius.

- 7. The room temperature at which the experiment was conducted was measured and the voltage

- for the thermocouple type at the measured room temperature was noted.

\ Results:
. Table 2 Thermocouple calibration results

~ Room temperature: 28.5 °C; corresponding millivolt reading, Ery = 1.14 mV

F.-
et R T T *ou

Bath temperature, Tg, (°C) Millivolt reading, Em (mV) | Total emf, E = Em + Egym, (mV)
30 0.361 1.501
35 0.579 1.719
40 0.788 1.928
45 = 0.995 2.135
50 — =7 1202 2.342
55 1.407 2.547
60 1613 2.753
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Figure 36 shows the "standard response curve" for the type-K thermocouple used in collecting

. data during the dehydration tests. Equation (4.1) matches the standard curves for a type-K h

thermocouple with error less than 0.1 degrees Celsius through the range 30 degrees C to 60

degrees Celsius.

3107V — 9x107°V? + 25 (4.1)

where V is voltage in units of millivolts and T is temperature in degrees Celcius.

Calibration graph for k-type thermocouple wires |

60 y = 3E-14x® - 9E-13x? +5x +

Bath temperature/(oC)

Total
emf/(mV) f

Figure 36 Calibration curve for k-type thermocouple wires

Calibration of electronic scale for measuring mass

Apparatus: electronic scale, level surface, a tin of ideal milk (170 grammes), 6 mini bags of gino
rice (5 kilogrammes each).

Step 1 — Determination of the mass Capacity of the scale

The standardised mass capacity of the electronic scale was read and recorded from a tag on the

= N

scale as 30 kilogrammes.- The 6 mini bags of gino rice making a total of 30 kilogrammes was

— o — T
= = =

chosen as a substitute-weight since there were no standard weights readily available at the time ol

R W W el B o
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Step 2 — Activation of the Scale

The scale was set on a flat, level surface and was switched on and left for a few seconds for the

readings to stabilise. After the scale reading had stabilised, the mode setting button on the scale

was selected.

. Step 3 — Loading the scale with the substitute mass

- The substitute weight was placed on the scale’s measuring surface in the center and left for a few

.~ seconds for the scale to calculate the total mass imposed on it.

- Step 4 — Calibration of the Scale

The mode setting button was pressed again and the scale registered that the mass of the substitute
load was the maximum weight capacity of the scale. The calibration process was completed

when the display showed “End”.

. Step 6 — Double Checking the Calibration

To check if the calibration process worked properly, the substitute load was removed from the

- scale’s weighing surface. The scale was turned off for about 60 seconds after which it was turned

~on again. After the reading had stabilised, a tin of ideal milk was placed on the weighing surface

and left for about 5 seconds for the reading to stabilise. The scale read the correct mass of the

load as 170 grammes confirming that the calibration process was successful.

- 4.3 An overview of the test series

Tests performed using the laboratory model of the mixed mode natural convection solar crop

dryer with back-up heater described in section 4.1 can be classified broadly into two categories

~ as: a) tests under no load conditions and, b) tests under load conditions. In each test under load

. conditions, pineapple was used as the drying material. Under the load conditions, the test was

. performed in four different modes namely; (i) solar drying during the day with the use of back up

heater during the night; (ii) continuous burner drying during the day and at night; (iii) hybrid

drying to-simmulate drying in extremely poor weather; and (iv) total solar drying on a good sunny
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day. Under no load conditions, the thermal buoyancy characteristics of the experimental dryer
was investigated in three different heating modes namely, (1) solar heating, (2) burner heating,
and (3) hybrid heating modes under varied plenum inlet area and vent outlet area scenarios. The

fresh fruits were washed, peeled, sliced (rectangular-shaped slices, thickness of about 0.01 m)

' and cored. The slices were weighed on a digital electronic balance and loaded into the dryer for

]

|

dehydration in single layers on each tray of the three drying trays and the weight loss of the

product was monitored continuously every hour.

. 4.3.1 Laboratory tests

In all, thirty-one carefully planned tests were conducted using the same dryer model. Twenty
seven of the tests were performed under no load conditions with the same dryer model but with
three different variations of the plenum inlet opening and the air outlet vent opening in three

heating modes. Four of the tests were performed under load conditions in four heating modes.

. The results for solar drying mode were used as the baseline values for comparative analysis.

. The tests under no load conditions were performed by adjusting the rectangular air inlet gap to

 three different positions. For each rectangular air inlet gap size chosen, the air outlet vent size

. was also adjusted to three different sizes while measuring temperatures, air flowrate and other

performance characteristics for each of the three drying modes.
The test under load conditions investigated (i) the drying rates of the product, (i) the product

surface temperatures, and (ii) the overall performance of the dryer.

(a) Test under no load conditions
Purpose: to examine relative performance of the dryer under no load conditions
The plenum inlet gaps and vent outlet gaps shown in table 3 were chosen because they affect the

rate of air flow through the dryer. The values were systematically chosen for the purposes of

comparative performance studies.
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'Table 3: Summary of the test conditions for dryer characteristic studies

l

- Test condition Test mode Vent width 1 Vent width 2 Vent width 3
: (20 mm) (30 mm) (40)
' Plenum inlet Solar heating 1 2 3
 opening 1 Burner heating I 2 3

' (20 mm) Hybrid heating 1 23 3
' Plenum inlet Solar heating 4 5 6

- opening 2 Burner heating 4 e 6’

- (40 mm) Hybrid heating 4 52 6"
- Plenum inlet Solar heating 7 8 9

. opening 3 Burner heating i 8’ 9’

- (60 mm) Hybrid heating f i 3"’ 9”

- Apparatus: small scale mixed mode natural convection solar crop dryer with back up heater,

mercury-in-glass thermometers, micronta LCD humidity and temperature probe, vaisala H M 34

]
¥
I

humidity and temperature probe, Barnant 115 thermocouple, PCE-FWS 20 weather station, and

. solar simulator

. Description of tests:

. The tests 1 to 27 (see table 3) were conducted with the primary aim of examining the relative

~ performance of the dryer operated with the three different rectangular plenum air inlet openings

and three different vent outlet openings for the three heating modes investigated. For instance,
when plenum inlet opening 1 (20 mm width) was chosen under solar heating mode, the
experiment was run for vent outlet opening 1 (20 mm width), vent outlet opening 2 (30 mm

width), and vent outlet opening 3 (40 mm width). After that, plenum inlet opening 2 (40 mm

| width) was chosen and the experiment was conducted for the vent outlet openings 1, 2, and 3

~ respectively. After running the experiment for the last plenum inlet opening, a new heating mode

- was chosen and the experiments repeated.

" Under no load conditions, the tests in burner and hybrid heating modes were done with

recordings being made over a perioﬂ”{ft,_hree/hours with twelve readings taken every fifteen

. minutes. In solar heating mode, recordings were made over a period of four hours with twelve

readings taken every twenty minutes.
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(b))  Tests under load conditions

Purpose: to examine the overall performance of the dryer under load conditions for the four

options of air heating modes

Apparatus: small scale mixed mode natural convection solar crop dryer with biomass back up
heater, 21X Microloger and 12 k-type thermocouple wires, SN 192 storage module, solar
module, miconta LCD humidity and temperature probe, vaisala H M 34 humidity and
temperature probe, Barnant 115 thermocouple, PCE-FWS 20 weather station, electronic scale

(Metler PM 34) and solar simulator

Description of tests:

Four tests were conducted under load conditions to examine the performance of the dryer at a
plenum inlet opening of 60 mm and an air outlet vent opening of 40 mm under four different
heating scenarios. The experiments were devised for the material moisture content to be
monitored continuously at full loading capacity in each heating mode considered and drying
proceeded till the desired moisture content of between 20% and 35% (giving a terminal values of
between 203 grammes and 307 grammes wet products) was achieved or the experiment was
terminated. In each test, 2,262 grammes of pineapple (occupying a bed 35 mm depth) was dried
from an initial moisture content of 91.3 % (wet basis). In each of the above tests, the specified

quantity of pineapple was spread on three metal mesh trays on a total area of about 0.1 56 m”.

4.3.2 Determination of initial moisture content of pineapple

The aim of the experiment was to determine the average initial moisture content of the fresh
pineapple used for the drying experiment by the evaporation method. Fresh pineapple was
procured from a retailer at Kotei, a township at the peripheral of KNUST at 11.30 am on July 26,
2012. The pineapple was washed, peeled, and two different test samples were prepared from it
and placed into test containers labeled D17 and DI respectively. The samples were quickly
placed on an electronic balance (m;‘-l) in turns and the initial masses of the freshly
prepared pineapple test samples with the test containers were measured. The test samples were

subseqli_é_ﬁﬁ;placed in an air oven and kept at a constant temperature of 105 °C at the Civil
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fEngineering laboratory at the College of Engineering, KNUST, at 12:10 pm on July 26, 2012.

b
. The masses of the test samples were measured regularly until constant masses were obtained for

‘each test sample. The dehydration experiment was terminated at 8:20 am on July 31, 2012. The

ianalysis of the results is as follows:

' Test Sample I
iMass of empty container (container D17), m,, =9.58 g

Initial mass of sample plus container, m,,,; = 79.15 g

'Final mass of sample plus container, My, = 15.46 g
! »

| Total mass of moisture removed, my,,; =(79.15-9.58)-(15.46-9.58)=63.69¢

1
| Therefore, the moisture content (wet basis), M, = 68 x100%=91.55%

(79.15-9.58)

]

' Test Sample 11
'Mass of empty container (container D17), m_, = 9.54 g

Initial mass of sample plus container, my,,,; = 67.32 g

' Final mass of sample plus container, m,., . =14.72 g

' Total mass of moisture removed, my, . =(67.32-9.54)—(14.72-9.54)=52.6 ¢
52.66

x100%=91.03%
(67.32-9.54)

- Therefore, the moisture content (wet basis), M, =

91.55+91.03

| Therefore, an average of = 91.3% is used
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND DISCUSSIONS

5.0 Introduction

In this chapter, the results from the experiments conducted on the laboratory model are presented
and discussed under two sections. In section 5.1, the results of the experimental investigation of
the laboratory dryer under no load conditions are presented and discussed while the results

obtained under load conditions are presented and discussed in section 5.2.

5.1 Laboratory experiments under no load conditions

The objective of these set of experiments was to establish the effects of the inlet and outlet areas
as well as the various heating modes on thermal buoyancy (ventilation) through the dryer
Experimental results and discussion are, therefore, presented under three subsections: subsection
5.1.1 is devoted to tests in solar heating mode; subsection 5.1.2 to test under burner heating
mode, and subsection 5.1.3 to tests in hybrid heating mode respectively. Tables 5.1 shows design
parameters, dimensions and properties obtained for the laboratory model dryer used for

experimentation.

122



Table 4: The general input parameters for the simulation, either determined by design analysis or

adopted from generally accepted figures in the literature

Parameter | Symbol | Numerical value | Units
1. Granite pebble properties:
Mass of 7 cm thick granite pebble Mgr 9.346 G_ |
Thermal conductivity of granite pebble bed Agr 2.79 | WmK
Gross density of granite pebble bed pe 2630 | kg/m3
Specific heat capacity of granite pebble bed Cgr 775 Jkg K
Emissivity of granite pebble bed Egr 0.92
2. Mortar properties:
Mass of 3 cm thick mortar used as concrete absorber m3cmM 8,907 G
Mass of mortar used to bind 7 cm thick rock pebble bed | mbngm 4,925 G
Total mass of mortar used in 10 cm thermal mass mmT 13,832 G
Emissivity of absorber surface Eab (.88
Bulk density of mortar pmo 2,162 | kg/m3
 Specific heat capacity of mortar Cmo 780 JhkgK |
3. Brick fire clay:
Bulk density pbr 2,403 kg/m3
Emissivity Ebr 0.95
Specific heat capacity Chr 835 | JkgK
Thermal conductivity Abr 0.72 W/m.K
Thickness of brick (flat) tbr 115 Mm
4. Plenum glass cover (single layer):
Emissivity of glass Ec 0.93
Bulk density pe 2,400 kg/m3
Specific heat capacity Ce 840 JkgK |
Plenum glass cover dimensions: |
Length 41 Cm
Breadth 22.5 Cm
Transmissivity T 0.7
Thermal conductivity he 0.036 W/m.K
5. Burner housing:
Total external dimensions:
Length Ibhe 55 Cm
= Breadth bbhe 54 | Cm
A Height —— hbhe 50 Cm
Total internal dimensions:
LenEEh lbhs 31 Cm
- Breadth bbb 31 Cm
Height hon 37.5 | Cm
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_D_rycr air inlet oEning dimensions:

Height he 10 Cm
6. Thermal mass:
Granite pebble bed dimensions:
Length lgr 40 cm
Breadth ber 27.5 cm
Height hgr 7 cm
Granite pebble bed volume Ve 0.00355 m3
Concrete absorber dimensions:
Length lca 40 cm
Breadth bea 27.5 cm
Height hca 3 cm
7. Shed:
Height of shed (higher side) hs 163 cm
Distance across supports (longer side side) dis 146 cm
Distance across supports (shorter side) dss 133 cm
8. Drying chamber:
Tray dimensions (internal):
Length I 36.7 cm
Breadth b 14.1 cm
Height ht 3.5 cm
Drying chamber cover glass dimensions: |
length lde 40.2 Cm
breadth bde 18.8 Cm
Internal dimensions of plenum base:
* Length 40.3 Cm
Breadth 38.8 Cm
Drying chamber door dimensions:
Height Cm
width f Cm
Thermal conductivity of drying chamber wall material Adw 0.15 W/m.K
Vent outlet length lv 40 Cm
Plenum length Ip 31 Cm
e /_'—"
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5.1.1 Solar Heating Mode
The experimental results obtained for the MNCSCDBBH under no load conditions are presented

as follows:
Figures 37 to 45 show the characteristics of the dryer under no load conditions in solar heat

charging mode. Tables Cl1 to C9 in Appendix C cover the experimental data on dryer

characteristic studies in solar heating mode.
The following definitions apply to the captions in section 5.1:
Pi: plenum inlet opening

vo: vent outlet opening

Solar heat charging(vo=2cm;pi=2cm)
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Figure 37 Thermal buoyancy properties versus time in solar heating mode (pi=2cm, vo=2 cm)
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Figure 38 Technical performance parameters versus time in solar heating mode (pi=2cm, vo=2
cm)
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Solar heat charging(vo=2cm; pi=2cm)
Pertinent hardware temperatures vs t/(h)
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Figure 39 Pertinent hardware temperatures versus time in solar heating mode (pi=2cm, vo=2 cm)

Figures 37, 38, and 39 represent the characteristics of the dryer operated in solar heating mode at
a plenum inlet gap (pi) of 2cm and a vent outlet (vo) gap of 2 cm. Figure 36 shows a plot of
thermal buoyancy properties versus time (in hours). Figure 38 shows a graph of technical
performance parameters versus time (t, in hours). Figure 39 shows a plot of pertinent hardware
temperatures versus time. Under a constant insolation of 350 W/m?, i, Th, and Vg exhibited
variations of 56 — 70%, 24.9 — 28.4 °C and 0.3 — 5.0 m/s respectively (see figure 37). Figures 38

and 39 show significant increases in system component temperatures Tpc, Tdc, Tdw, Tab-f, Tab-

rp, Trp-f, and O, at low air velocities (particularly at 0.3 m/s) because of the abrupt decrease in

heat absorption from the thermal mass. The collector efficiency (1) also showed remarkable
increases at higher velocities with the highest efficiency of 1.16 % occurring at a Vg value of 1

m/s for this particular test. The air mass flow rate (77,) also exhibited a significant increase at

higher AT =T

w»—1T; values and higher Vy values because of the increase in thermal buoyancy

through the system with the highest s value of 0.0663 kg/s occurring at a Ty, value of 29.9 °C

and a Vg value of 1.4 m/s. The air outlet relative humidity values (with the exception of the
initial value) recorded a steady increase. Characteristic of the climate in June. The rate of change
of flow exergy recorded minimum and maximum values of 93.09 kW and 4,597.29 kW. The
lowest and highest collector effiefeficies of 0.1% and 0.59% correspond to the minimum and

maximum exergy rates of change.

I

mm—
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Solar heat charging (vo=3cm; pi=2 cm)
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Figure 41 Thermal buoyancy properties versus time in solar heating mode (pi=2 cm, vo=3 cm)
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Figure 42 Pertinent hardware temperatures versus time in solar heating mode (pi=2 cm, vo=3cm)

Figures 40, 41, and 42 show graphical-variations in performance indicators at a plenum inlet gap
of 2 cm and a vent outlet gap of 3 cm under no load conditions in solar heating mode. Results
show the average air inlet temperature and average fluid inlet velocities varying between 24.9 —

28.6 °C, and 0.3 — 2.4 m/s respectively. Noticeably, the outlet air mass rates of flow have
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increased significantly compared with the test results under a vent outlet gap of 2 cm and a
plenum inlet gap of 2 cm (see figure 37). The highest mass rate of flow (0.1127 kg/s) occurred at
an average fluid inlet temperature of 29 °C and an average fluid inlet velocity of 2.4 m/s and is
approximately 1.7 times the maximum velocity recorded for the test results under a vent outlet
gap of 2 cm and a plenum inlet gap of 2 cm. The air heater efficiency ranged between 0.457 and
3.6% which is a significant increment compared to the picture shown in Figure 37. Figure 40
also shows a drastic decrease in the relative humidity of air leaving the dryer because of the
comparatively high air rates of flow through the dryer under the prevailing experimental
conditions. The heat transmission rate across the thermal mass as represented by Qt has
increased from a range of 7.20 — 25.87 W from the first test (see figure 38) to 13.99 — 80.74 W 1n
the second test (see figure 41). It is already revealing that with an increase in vent outlet gap
from 2cm to 3cm the rate of change of exergy increases as evidenced by the significant increases

in the minimum and maximum values of Ay (being 3,219 and 4,255.48 kW respectively) as

compared with the values recorded for a vent outlet gap of 2 cm.

c e — —— e
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Figure 43 Thermal buoyancy properties versus time in solar heating mode (p1=2 cm, vo=4 cm)
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Solar heat charging (vo= 4cm; pi=2cm)
Technical performance parameters vs t/(h)
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Figure 44 Technical performance parameters versus time in solar heating mode (pi=2 cm, vo=4
cm)
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Figure 45 Pertinent hardware temperatures in solar heating mode (pi= 2 cm, vo=4 cm)

The heating characteristics of the experimental dryer at a vent outlet gap of 4 cm and a plenum
inlet gap of 2 cm are shown in figures 43, 44, and 45. The average fluid inlet temperatures
ranged between 26.1 — 29.6 °C. The air going through the dryer experienced a reasonable degree
of heating as evidenced by the range of fluid outlet relative humidity values (¢o: 52.2 - 70.2%).
The air heater efficiency values are slightly lower than the values recorded for the previous test
with the minimum and maximum air heater efficiency values being 0.77% and 2.28%
respectively. A significant increase in the mass rate of flow can be observed for this particular
vent outlet omninﬁthough mcm opening remains the same as cases shown on
Figures 36, 37, 38, 39, 40, and 41. The minimum and maximum values of rate of exergy change

e m—

are 2,511.43 and 3,468.20 kW respectively.
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Solar heat charging (vo=2cm;pi=4cm),
Thermal buoyancy properties vs t/(h)
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Figure 46 Thermal buoyancy properties versus time in solar heating mode (pi=2 cm, vo=4 cm)
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Figure 47 Technical performance parameters versus time in solar heating mode (pi=2 cm, vo=4
cm)
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Figure 48 Pertinent hardware tcmpcMs time in solar heating mode (pi=4cm, vo=2 cm)
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Figures 46, 47, and 48 show the variations in parameters measured at a plenum inlet gap of 4 cm
and a vent outlet gap of 2 cm. The lowest average ambient temperature since the start of the
experiments was recorded during this particular test with the fluid inlet temperatures ranging
between 23.4 °C and 29.3 °C. It was noticed that the highest average air inlet velocity of 2.7 m/s
for this test occurred at the highest average inlet air temperature of 29.3 °C which subsequently
gave the highest air rate of flow of 0.0632 kg/s. The rate of change of flow exergy recorded
values within the range 2,564.92 to 3,520.64 kW. The total thermal mass entropy change

recorded minimum and maximum values of -404.25 and -520.06 kJ/K respectively.
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Figure 49 Thermal buoyancy properties versus time in solar heating mode (pi=4 cm, vo=3 cm)
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Figure 50 Technical performance parameters versus time in solar heating mode (pi=4 cm, vo=3
cm)
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Figures 49, 50, and 51 show the dryer characteristics in solar heating mode at a plenum inlet gap
of 4 cm and-a vent outlet gap of 3 cm. Average air inlet temperatures ranged between 25.9 —28.7

°C with average air inlet velocities varying within the range 0.3 — 1.7 m/s.
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Figure 51 Pertinent hardware temperatures versus time in solar heating mode (pi=4 cm, vo=3

cm)

While the local atmospheric pressure at the site varied between 976.6 — 978.1 hPa, the average

air outlet velocities ranged between 1.06 and 7.20 m/s giving rise to fairly reasonable average air

mass flow rate within the range 0.0040 — 0.0265 kg/s. Figure 49 shows a steady decrease in

entropy from the absorber-fluid interface (hotter surface) towards the rock bed-fluid interface

(lower temperature surface). The rate of change of exergy varied within the range 2,146.13 and

3,614.22 kW.
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Figure 52 Thermal buoyancy properties versus time in solar heating mode (pi=4 cm, vo=4 cm)
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Soalr heat charging (vo=4cm;pi=4cm)
Technical performance parameters vs t/(h)
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Figure 53 Technical performance parameters versus time in solar heating mode (pi=4 cm, vo=4
cm)
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Fig)ure 54 Pertinent hardware temperatures versus time in solar heating mode (pi=4 c¢m, vo=4

cm

Figures 52, 53, and 54 show the thermal characteristics of the dryer at plenum inlet gap of 4 cm
and a vent outlet gap of 4 cm in solar drying mode. Average fluid inlet temperatures recorded
values in the range 22.7 — 27.1 °C. With averagely low ambient air inlet velocities of between 0.2
and 1.0 m/s and relatively high local atmospheric pressures 981.1 — 982.6 hPa. Average vent
outlet velocities recorded relatively low values of between 0.54 — 2.68 m/s giving rise to low
mass rates of flow and lower air heater efficiencies. The vent outlet air relative humidity values
observed were within reasonable limits, making it desirable for drying. The average rate of

change of exergy varied between 2,333.90 and 3,604.56 kW respectively.

L= ,/“—’—r-
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Solar heat charging (vo=6cm;pi=2cm)
Thermal buoyancy properties vs t/(h)
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Figure 55 Thermal buoyancy properties versus time in solar heating mode (pi=6 cm, vo=2 cm)
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Figure 56 Technical performance parameters versus time in solar heating mode (pi= 6cm, vo=2
cm)
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Figure 57 Pertinent hardware temperatures versus tin in solar heating mode (pi=6 cm, vo=2 cm)

Figures 55, 56, and 57 represent the experimental dryer characteristics conducted at plenum inlet
gap of 6 cm and air vent outlet gap of 2 cm in solar heating mode. The average fluid inlet
temperature varies between 26.9 and 32.2 °C whereas the average inlet velocities range between
0 and 1.4 m/s. The average drying chamber wall temperature also shows insignificant changes in

MRS

value throughout the duration of the test with values within the range 39 — 42.6 °C. The rate of
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change of exergy recorded minimum and maximum values of 1,465.26 and 3,889.68 kW

respectively.
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Figure 58 Thermal buoyancy properties versus time in solar heating mode (pi=6 cm, vo=3 cm)
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Figure 59 Technical performance parameters versus time in solar heating mode (pi=6 cm, vo=3
cm)
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Figure 60 Pertinent hardware temperatures versus time in solar heating mode (pi=6 cm, vo=3
cm)
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: The trend of results as depicted in figure 60 shows that the burner housing floor temperature in
- solar heating mode remains fairly unchanged during heating. Figures 58, 59, and 60 show the
- general heating characteristics of the dryer in solar heating mode at a vent outlet gap of 4 cm and
~ a plenum inlet gap of 6 cm. The trend of results depicts a distinct variation between the lower
wall (Tiw) and upper wall temperatures (T,y). Obviously, the upper wall temperatures (34 — 41.3
°C) are much higher than the lower wall (24.4 — 28.8 °C) temperatures because the upper wall is
closer to the hotter side (concrete absorber surface) during solar heat charging. The air
experienced significant heating as evidenced by the relative decreases in relative humidity

values. The rate of change of exergy recorded minimum and maximum values of 2,262.48 and
3,325.91 kW respectively.
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Figure 61 Thermal buoyancy properties versus time in solar heating mode (pi=6 cm, vo=4 cm)
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Figure 62 Technical performance parameters versus time in solar heating mode (pi=6 cm, vo=4
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Solar heat charging (vo=4cm;pi=6cm)
Pertinent hardware temperatures vs t/(h
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Fig)ure 63 Pertinent hardware temperatures versus time in solar heating mode (pi=6 cm, vo=4

cm

About 65% of this test was characterised by zero air inlet velocities as evidenced by the air mass
flow rates being zero. Figures 61, 62, and 63 show the thermal characteristics of the experimental
dryer at a plenum inlet gap of 6 cm and a vent outlet gap of 4 cm. The average air inlet
temperature ranges between 27.5 — 29 °C. The burner housing floor temperature started at 25.5
°C and for the better part of the test remained at 26 °C. The drying chamber cover glass
temperatures (61.2 — 70.2 °C) are much higher than the plenum cover glass temperatures (46 — 47
°C). The minimum and maximum values of rate of change of flow exergy are 2,517.98 and
3,652.16 kW

5.1.2 Burner Heating mode

During experimentation, it was necessary to intermittently switch the heater on and off in order
to prevent excessively high temperatures in the system which could cause an increase in thermal
stresses in the system components. Tables C10 to C18 in appendix C show experimental data

covering dryer characteristic studies in burner heating mode.
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Figure 64 Thermal buoyancy properties versus time in burner heating mode (pi=2 cm, vo=2 cm)
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Figure 65 Technical performance parameters versus time in burner heating mode (pi=2 cm, vo=2
cm)
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Figure 66 Pertinent hardware propeMme in burner heating mode (pi=2 cm, vo=2 cm)
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- The characteristics of the experimental dryer at a plenum inlet gap of 2 cm and a vent outlet gap

of 2 cm are shown on figures 64, 65, and 66 in burner heating mode. The average fluid inlet

temperatures experienced during the test ranged between 25.7 — 28.7 °C. The average plenum

~ fluid temperature values registered significant increments with values between 34.5 — 67.2 °C.

However, the average fluid outlet temperatures decreased significantly after going through the

- drying chamber even under no load conditions signifying that some amount of heat absorption

occurred in the drying chamber. Obviously, the rock bed-burner interface temperature (Trp-f)

~increased significantly relative to the values recorded in solar heating mode with T, values

ranging between 89 — 201 °C. Another significant observation is that the burner housing floor

temperatures have also increased remarkably in comparison with the values recorded in solar

heating mode. Noticeably, the rate of change of flow exergy has increased significantly as

compared with solar heating mode. Minimum and maximum values recorded for this particular

test are 2,687.25 and 11,478.30 kW respectively.

This can be attributed to the increased heating effect associated with burner heat charging.
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Figure 67 Thermal buoyancy properties versus time in burner heating mode (pi=2 cm, vo=3 cm)
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Figures 67, 68, and 69 show the characterisitcs of the experimental dryer in burner heating mode

at a plenum inlet gap of 2 cm and a vent outlet gap of 3 cm. The average plenum fluid

temperature showed a steady increase from 64.8 — 75.1 °C. The test recorded average fluid inlet

temperatures in the range 28.4 — 30.4 °C with the average air inlet velocity range being 1.0 to 6.1

m/s. The minimum and maximum rock bed — burner interface temperatures recorded were 178

and 224 °C respectively. The mass flow rates in burner heating mode have appreciated

significantly compared with values in solar heating mode. The exergy change rate ranged

between 10,255 and 12,913.4 kW.
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Figure 70 Thermal buoyancy properties versus time in burner heating mode (pi=2 cm, vo=4 cm)

140



15000

5000

Technical performance
parameters

-5000

10000 e

0 [er—ere————————
I3 =5 ‘79 1

Burner heat charging(vo=4cm;pi=2cm)
Technical performance parameters vs t/h)

e Trp-f/(0C)
e Tab-f/(0C)
e Tab-rp/(0C)
e QT/(W)
=+ (AS)T/KI/K)

Figure 71 Technical performance parameters versus time in burner heating mode (pi=2 cm, vo=4

cm)

80
60

s |Jh>T. B

Pertinent hardware
temperatures

0

-

- _
20 =

t(h)

Burner heat charging (vo=4cm;pi=2cm)
Pertinent hardware temperatures vs t/(h)

— —4Tfi/(0C)

—> Tbg/(oC)
- = Tlw/(oC)
— -» Tpc/(oC)
- = Tdw/(0oC)

Figure 72 Pertinent hardware temperatures versus time in burner heating mode (pi=2 cm, vo=4

cm)

Figures 70, 71, and 72 show the thermal characteristics of the experimental dryer in burner

heating mode at a plenum inlet area of 2 cm and a vent outlet area of 4 ecm. A remarkably high

increment can be observed in the air mass flow rate values with a range of 0.0524 — 0.2387 kg/s.

The air exiting the dryer shows a relatively reasonable degree of heating with air inlet and outlet

relative humidity differences ranging between 0.3 and 11.6 kg moisture per kilogram dry air. The

average plenum air temperature increased steadily from 40.8 to 68 °C. The rate of change of flow

exergy recorded 4,963.99 minimum and 11,974.02 kW maximum.

f
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Figures 73, 74, and 75 show the characteristics of the dryer at a plenum inlet gap of 4 cm and a
vent outlet gap of 2 cm in burner heating mode. The average air inlet temperatures ranged

between 26.5 — 30.3 °C with the average air inlet velocities ranging from 0.3 — 5.0 m/s. The
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average plenum inlet temperatures were within a reasonable range of 52 — 73.2 °C and the air
heater efficiency recorded minimum and maximum values of 0.76 and 18.82% respectively. The
thermal mass total entropy change, recorded minimum and maximum values of -1,595.76 and -

3,143.62 kJ/K with the rate of change of flow exergy being in the range of 6,371 and 12,671 kW.

Figure 76 Thermal buoyancy properties versus time in burner heating mode (pi=3 cm, vo=4 cm)

Figure 77 Technical performance parameters versus time in burner heating mode (pi=4 cm, vo=3

cm)
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Figure 78 Pertinent hardware temperatures versus time in burner heating mode (pi=4 cm, vo=3
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['he thermal properties of the dryer at a plenum inlet gap of 4 cm and a vent outlet gap of 3 cm in
»umner heat charging mode is shown in figures 76, 77, and 78. On a characteristically cloudy day
with relatively high local atmospheric pressures (981.3 — 981.6 hPa) the average fluid inlet
emperatures ranged between 24.6 — 28.6 °C and average fluid inlet velocities not exceeding 1.4
n/s. The temperature gradient in the thermal mass was negative towards the concrete absorber
surface making total entropy change in that direction negative with a gradually decreasing heat
ransfer rate in that direction over the test duration. Thermal buoyancy is moderate with the

naximum flow rate being 0.0669 kg/s. Rate of change of flow exergy recorded values between
5,663.83 and 13,656.24 kW.
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:Fig 79 Thermal buoyancy properties versus time in burner heating mode (pi=4 cm, vo=4 cm)
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Figure 80 Technical performance parameters versus time in burner heating mode (pi=4 cm, vo=4
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Fig)ure 81 Pertinent hardware temperatures versus time in burner heating mode (pi=4 cm, vo=4
cm

Figures 79, 78, and 81 show the characteristics of the dryer at a plenum inlet gap of 4 cm and a
vent outlet gap of 4 cm. The average fluid inlet temperature and average fluid inlet velocity
ranges are 27.2 - 32.8 °C and 0.3 — 0.7 m/s respectively. Significant entropy decreases across the
thermal mass were recorded due to relatively high rock bed — burn interface temperature and low
ambient temperatures. Air heater efficiencies were comparatively low due to low inlet velocities
and relatively low air mass flow rates. Flow exergy rate exhibited variations between 4,145.81
and 12,469.08 kW.
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Figure 82 Thermal buoyancy properties versus time in burner heating mode (pi=6 cm, vo=2 cm)
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Figure 83 Technical performance parameters versus time in burner heating mode (pi=6 cm, vo=2
cm)

Figure 84 Pertinent hardware temperatures versus time in burner heating mode (pi=6 cm, vo=2

cm)

The dryer thermal characteristic curves are shown on figures 82, 83, and 84 at a plenum inlet

opening of 6 cm and vent outlet gap opening of 2 cm. The working mean fluid inlet temperature

range was 24.8 over the test duration and the average inlet fluctuating velocity range was 0.3 —

1.7 m/s. Air heater efficiencies were comparatively low (0.07 — 2.4%) and air heating effect as

reflected by trend of outlet relative humidity values (61 — 84%) was less effective. Flow exergy

varied between 5,315.99 and 13,271.61 kW.
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Figure 85 Thermal buoyancy properties versus time in burner heating mode (pi=6 cm, vo=3 cm)
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Figure 86 Technical performance parameters versus time in burner heating mode (pi=6 cm, vo=3
cm)
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Figures 85, 86, and 87 give graphical representations of the thermal characteristics of the
experimental dryer at a plenum inlet gap of 6 cm and vent outlet gap of 3 cm. The average

plenum glass cover temperature range and drying chamber glass cover range were 50 — 66 C,
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and 45 — 57 °C respectively. The relatively high plenum glass cover temperature range is due to
the nearness of the glass cover to the thermal mass which has a burner attached to its underside.
However, the temperature regime was safe enough to avoid damage to heat sensitive system
components. The average fluid inlet temperature range and average wind inlet speed range were
30.3 = 32.5 °C and 0.3 — 1 m/s respectively. The relatively low wind activity accounted for the
relative decrease in outlet air velocities and, subsequently, a decrease in air mass efflux and air
heater efficiency values as shown on figure 84. Flow exergy varied between 7,182.77 and
13,013.46 kW. Air heater efficiency varied between 0.033 and 0.47% with 0% efficiency

- —_—

Burner heat charging(vo=4cm;pi=6cm)
Thermal buoyancy properties vs t/(h

z E'; N\ € T/0)
28 | o= T — =T
3 t4 | .
3 8, | Cectegeecet  — *To/0
E'ﬁ.o R AV — + \fo/(m/s)
E e
t/(h) | mo/(kg/s)
Figure 88 Thermal buoyancy properties versus time in burner heating mode (pi=6 cm, vo=4 ¢cm)
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Figure 89 Technical performance parameters versus time in burner heating mode (pi=6 cm, vo=4

cm)
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Figures 88, 89, and 90 represent the thermal characteristics of the dryer at a plenum inlet gap of
6 cm and a vent outlet gap of 4 cm. Average plenum temperature values were within safe limits
(44 — 75.6 oC) whereas the average fluid inlet temperature range was 24.2 — 26.8 °C. Even with
the average wind activity (0.3 — 1.4 m/s) reasonable heating of air was achieved (64.4 — 81.6%)
with air mass flow rates between 0.0142 — 0.0667 kg/s. Flow exergy ranged between 5,749.71
and 13,574.04 kW.

5.1.3 Hybrid Heat Charging

Tables C19 to C27 in Appendix C cover the experimental data on dryer characteristic studies in

hybrid heating mode.

The results are presented as follows:
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Figure 91 Thermal buoyancy properties versus time in hybrid heating mode (pi=2 cm, vo=2 cm)
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Figure 92 Technical performance parameters versus time in hybrid heating mode (pi=2 c¢m, vo=2
cm)
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Fig)ure 93 Pertinent hardware temperatures versus time in hybrid heating mode (pi=2 cm, vo=2
cm

Figures 91, 92, and 93 show the hybrid heating mode characteristics of the dryer at a plenum
inlet opening of 2 cm and a vent outlet opening of 2 cm. Noticeably, both the rock bed- burner
interface and the absorber top surface temperature values have experienced increases in value
due to the two-way heating with values ranging between 114 — 242 °C and 43 — 98.8 °C
respectively. The average ambient working temperature range was 28.2 — 30.8 °C. There is also
an obvious increment in the air mass flow rate values (0.0141 to 0.0941 kg/s) and air heater
efficiency values (0.3 — 1.6%) due to improved thermal buoyancy through the dryer. Flow
exergy exhibited variations between 5,549.87 and 13,697.54 kW.
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Figure 94 Thermal buoyancy properties versus time in hybrid heating mode (pi=2 cm, vo= 3 cm)
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Figure 95 Technical performance parameters versus time in hybrid heating mode (pi=2 c¢m, vo=3
| cm)
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Figure 96 Pertinent hardware temperatures versus time in hybrid heating (pi=2 cm, vo=3 cm)

Figures 94, 95, and 96 show the characteristics of the dryer in hybrid heating mode at a plenum

— |

inlet opening of 2 cm and a vent outlet opening of 3 cm. The mean fluid inlet temperatures,
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velocities and relative humidity values range between 24.7 — 26.9 °C, 0.7 — 2.7 m/s, and 76 —
88% respectively. The heating effect produced is moderate with air outlet relative humidity
values ranging from 57 — 77.2%. The burner housing floor temperature exhibited a wide
variation in hybrid heating mode registering between 50 and 86 °C. Flow exergy recorded
minimum and maximum values of 5,639.61 and 14,866.05 kW representing a remarkable

increment as compared with results obtained for solar and burner heating modes.
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Figure 97 Thermal buoyancy properties versus time in hybrid heating mode (pi=2 cm, vo=4 cm)

Hybrid heat charing (vo=4cm;pi=2cm)
Technical performance parameters vs t/(h)
20000
15000 i < o

w S I - e Tab-f
10000 —

re— Ta b-rp

— = QT/(W)

U
o
o
o

— *

1 23456 789101112 — - (AT

Technical performance
parameters

-5000

Figure 98 Technical performance parameters versus time in hybrid heating mode (pi=2 cm, vo=4
cm)
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Figure 99 Pertinent hardware temperatures versus time in hybrid heating mode (pi=2 c¢m, vo=4

cm)

At a plenum inlet gap of 2 cm and a vent outlet gap of 4 cm, the thermal characteristics of the

dryer in hybrid heating mode are shown in figures 97, 98, and 99. The average plenum fluid

temperatures increased from 62 °C — 88 °C. The upper limit for drying without damage to

products and loss of vitamins is approximately 80 °C. The air mass flow rates recorded an

average value of 0.0984 kg/s. Flow exergy ranged between 10,065.56 and 17,319.27 kW.

100
80
60
40
20

Thermal buoyancy properties

Hybrid heat charging(vo=2cm;pi=4cm)
Thermal buoyancy properties vs t/(h)

Lt U == == Tfi/(0C)
__,,,...:_"_,':."".-...,__ i, = w— = Tf/(0C)
- e ) -
W - == Tfo/(oC)
- —— e =S Vfo/(m/s)

mo/(kg/s)

Figure 100 Thermal buoyancy properties versus time in hybrid heating mode (pi=4 cm, vo=2

cm)
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Figure 101 Technical performance parameters versus time in hybrid heating mode (pi=4 cm,
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Figure 102 Pertinent hardware temperatures versus time in hybrid heating mode (pi=4 cm, vo=2
cm)

The characteristics of the experimental dryer depicted in Figures 100, 101, and 102 cover an
average fluid inlet temperature range of 24.3 — 28.3 °C and an average fluid inlet velocity of 0.3
~ 1.4 m/s. The plenum inlet gap and vent outlet gap for this test are 4 cm and 2 cm respectively.
The fluid outlet temperature values fell within a range of 41.4 — 67.8 °C which is effective for

dehydration without causing damage to the products.
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Figure 103 Thermal buoyancy properties versus time in hybrid heating mode (pi=4 cm, vo=3

cm)
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Figure 104 Technical performance parameters versus time in hybrid heating mode (pi= 4cm,
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The dryer characteristics in hybrid heating mode at a plenum inlet gap of 4 cm and a vent outlet
gap of 3 cm are shown in figures 103, 104, and 105. The working fluid inlet temperature range
was 30 — 31.9 °C and the average fluid inlet velocity range was 0 — 2.7 m/s. Entropy decreases
covering the test duration were between -1942.27 kJ/K to -66.0862 kJ/K. The maximum air

heater efficiency was 0.87%. The variations between corresponding drying chamber glass cover

temperature (Tdc) and plenum cover glass temperature (Tpc) values were not significant since

the burner heat source was closer to the plenum cover glass whereas the solar heat source (infra

red lamps) was closer to the drying chamber glass cover with the two glass covers experiencing

nearly the same amount of heating.
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Figure 108 Pertinent hardware temperatures versus time in hybrid heating mode

The sixth hybrid heating characteristic studies was conducted at a plenum inlet gap of 4cm and a

vent outlet gap of 4 cm. Figures 106, 107, and 108 summarise the characteristic studies results

for this set of conditions. Six test points recorded zero (0) mass rates of flow and zero air heater

efficiencies because of zero wind activity at those test points. The maximum average fluid outlet

temperature was 75 °C. The rate of change of flow exergy was within the range of 6,040.86 and

13,475.97 kW.

Thermal buoyancy

properties

Hybrid heat charging(vo=2cm;pi=6cm)
Thermal buoyancy properties vs t/(h)

122 — Y T/(hrs)
60 ﬁ:""—-x"‘:" Tfi/(oC)
40 —+_iTt/(0C)
20 = : Tfo/(oC)

T
[f | — + Vfo/(m/s)
t/(h)

Figure 109 Thermal buoyancy properties versus time in hybrid heating mode
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Figure 110 Technical performance parameters versus time in hybrid heating mode (pi=6 cm,

VO=2 cm)
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Figure 111 Pertinent hardware temperatures versus time in hybrid heating mode (pi=6 cm, vo=2

cm)

Figures 109, 110, and 111 show the dryer characteristics at a plenum inlet opening of 6 cm and a

vent outlet opening of 2 cm. About 75% of the test period was characterized by zero wind

activity giving rise to zero mass rates of flow and zero air heater efficiencies at ten (10) test

points. The rock bed — burner interface temperatures over this test duration are relatively high

compared with other tests because of the low wind activity, and, hence, the low rate of heat

absorption from the concrete absorber surface. The outlet relative humidity values showed a

reasonable extent of heating with the lowest relative humidity value being 32.6%.

/——
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Hybrid heat charging(vo=3cm;pi=6cm)
Thermal buoyancy properties vs t/(h)

100
g - === Tfi/(0C)
E 4 & L= - Emithe i
t 50 e >
i g e — +Y Tf6/(00)
g s M|l tine ey, e — —Vfo/(m/s)
e et e S
= | —— mo/(ke/s)
)

Figure112 Thermal buoyancy properties versus time in hybrid heating mode (pi=6 ¢cm, vo=3 cm)

Figure 113 Technical performance parameters versus time in hybrid heating mode (pi=6 cm,

vo=3 cm)

Hybrid heat charging(vo=3cm;pi=6cm)
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Figure 114 Pertinent hardware temperatures versus time in hybrid heating mode (pi=6 cm, vo=3
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Figures 112, 113, and 114 give the general thermal characteristics of the model dryer in hybrid
heating mode at a plenum inlet gap of 6 cm and a vent outlet gap of 3 cm. Average plenum fluid

temperatures (T¢) increased steadily over the test periods with values between 44 — 79 °C. The

test registered relatively low values for the lower wall temperature with values within the range

33.1 —57.8 °C. Burner housing floor temperatures were rather relatively high due to the exposure

of the sensor to direct radiation from the burner. Inaccuracies were limited by folding tin foil

around the sensor.

100
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o

Hybrid heat charging(vo=4cm;pi=6cm)
Thermal buoyancy properties vs t/(h)

Thermal buoyancy
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Figure 115 Thermal buoyancy properties versus time in hybrid heating mode (pi=6 cm, vo=4

cm)
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Figure 116 Technical performance parameters versus time in hybrid heating mode (pi=6 cm,

vo=4 cm)
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Hybrid heat charging(vo=4cm;pi=6cm)
Pertinent hardware temperatures vs t/(h)
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Fig)ure 117 Pertinent hardware temperatures versus time in hybrid heating mode (pi=6 cm, vo=4
cm

Figures 115, 116, and 117 show the thermal characteristics of the dryer at a plenum inlet gap of 6
cm and a vent outlet opening of 4 cm. Average fluid inlet temperatures and velocities were
within the ranges 29.9 — 30.7 °C and 0 — 1.7 m/s. Although average plenum fluid temperatures
were quite high the average fluid outlet temperatures and relative humidity values were within
reasonable ranges (53 — 75 °C, and 45.9 — 52.5% respectively). Burner housing floor
temperature values were comparatively high in hybrid heating mode due to the double heating

effect. Flow exergy values ranged between 8,583.55 and 14,704.54 kW

Comments:

The objective of the characteristic study was to determine the plenum inlet and vent outlet
combination that optimises thermal buoyancy. Plenum inlet openings of 2 cm, 4 cm, and 6 cm
were investigated whereas the vent outlet was maintained at three different openings namely, 2
cm, 3 cm, and 4 cm respectively.

1. The dryer characteristic study has shown that at the plenum inlet gaps of 2 cm and 4 cm
and vent openings of 2 cm, and 3 cm, in each of the three heating modes, air flow rate
through the dryer was extremely low, temperatures in system components become high
giving rise to relatively high plenum outlet temperatures (which can burn the product),
low air heater efficiency (Mﬂemely low air flow rates). It was also noticed
under these conditions that the relative humidity of the air exiting the vent did not follow

any Eérticular pattern due to observed irregularities in the outlet air relative humidity
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values. At some points the relative humidity of air exiting the dryer was higher than the
air inlet relative humidity

. In solar heating mode the ambient air relative humidity values covering the 9 experiments

conducted varied between 51% and 95% whereas the mean ambient temperature values
ranged between 22.7 °C and 32.2 °C. The collector efficiency covering the nine
experiments varied between 0.01% and 3.6%. Clearly, these conditions indicate that
drying will not be effective on some days if back up heating is not employed. This is
because the thermal energy stored during solar heat charging ranged between 0.029 MJ

and 0.251 MJ and this range of values is inadequate to sustain night drying

. During burner heat charging the average air outlet relative humidity values covering the 9

experiments conducted in solar heating mode varied between 41.1% and 84% whereas
the mean ambient temperature values ranged between 23.9 °C and 32.8 °C. The thermal
energy stored during burner heat charging ranged between 0.36 MJ and 1.8 MJ. The
collector efficiency values ranged between 0.03% and 8.8%. This range of values show a
significant improvement in the heating effect associated with burner heating as compared

to solar heating.

. With hybrid heat charging the average air relative humidity values covering the 9

experiments conducted varied between 31.2% and 78.1 % whereas the mean ambient
temperature values ranged between 23.4 °C and 32.9 °C. The thermal energy stored
during solar heat charging ranged between 0.3997 MJ and 1.9 MIJ. The collector
efficiency values ranged between 0.18% and 3.5 %. Apparently, the average air heater
efficiency associated with hybrid heating is higher than solar heating. It can, therefore, be
concluded that solar heating combined with burner heating is a more effective means of

heating for solar drying than solar heating only.

. At a plenum inlet gap of 6 cm and vent outlet gap of 4 cm comparatively high mass flow

rates of between 0.0141 to 0.0798 kg/s were recorded with comparatively high air heater
efficiency values of between 0.093% and 1.89%. Against this background it is concluded
that a plenum inlet gap of 6 cm and a vent outlet gap of 4 cm optimizes the thermal
performance of the dryer. Fo’rﬂ?"signﬁrposes a plenum inlet gap to vent outlet gap ratio

of 1.5:1 optimises heating and is therefore adopted for the drying experiments.

i

—
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6. An exergy analysis conducted on the air from dryer inlet to plenum exit give the
minimum and maximum rate of change of exergy values as 93.09 and 4,597.27 kW;
4,012.88 and 13,656.24 kW; and 5,549.866 and 17,319.27 kW for solar, burner, and
hybrid heating modes respectively. These results show that the availability (exergy) rate
of the dryer increases with increased heating effect (solar being the lowest and hybrid the
highest). In comparison with the range of collector efficiency values recorded for the
three heating modes, it can be concluded that as the availability increases the collector
efficiency increases. Therefore, the performance of the system can be improved by
adopting a heating effect that optimises exergy. It can further be concluded that the
performance of the system can be improved by adopting a design that minimizes heat

losses since that will increase the availability of the system.
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32 Laboratory experiments under load conditions: results and discussions

Investigations on the laboratory model were conducted under load conditions at full capacity
with fresh pineapple in four heating modes (solar drying with backup heating, use of only backup
heater for drying, use of a combination of solar energy and backup heater for drying, and use of
only solar energy for drying) to correspond to specified drying periods for four demarcated
seasons in Ghana. The first heating mode was adopted for periods of inclement weather (July,
August, and September in Ghana) which are the months of harvest in the forest regions, the
second for night drying only or drying in extremely poor weather (almost zero insolation), the
third for partly cloudy weather seasons, and the last drying mode for sun drying during peak
sunshine seasons (March, April, and May in Ghana). A plenum inlet gap of 6 cm and a vent
outlet gap of 4 cm were used for each drying test since that combination optimizes the dryer

performance as established in section 5.1. The drying experiments are presented in section 5.2.1

5.2.1 Experiments under load conditions

The results covering tests under load conditions are presented in tables 4 to 11.

The water vapour saturation pressure (Pys), the absolute humidity of moist air, system drying
efficiency, and moisture pick up efficiency were calculated using equations (2.77), (2.79),
(2.172), and (2.174) respectively.

SOLAR DRYING MODE (Scenario 1)

Tables 5 and 6 show experimental data as well as performance parameters obtained from the

analysis of data for drying in solar mode at full dryer capacity (2,262 grammes)
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Solar drying mode

Moisture content(%db) vs t/(h)
% 150000
——— TRAY 1 Mc{%db)1
B — = TRAY 2 Mc{%db)2
o S T ey TRAY 3 Mc(%db)3
- Y(h)

ure 118 Percentage moisture content on dry basis versus time in solar drying mode

igure 118 shows the dehydration curves for pineapple at tray levels 1, 2, and 3. It is can be seen
jat the samples in the top tray (tray 3) dried fastest, with the bottom tray exhibiting the lowest
rying rate. This drying pattern is attributed to the fact that the product in the top tray is exposed
o direct, high intensity radiation from the infra red lamps. Hot air from the collector starts
icking moisture from the bottom tray (thereby increasing its humidity ratio) before reaching the
and top trays. Hence the middle tray exhibited an intermediate drying rate with the
m tray exhibiting the least drying rate in solar mode of operation. At full loading capacity,
v in solar mode took a total of 23 hours with an average volumetric flow rate of 160.68
lh. Moisture pick up efficiency recorded an average value of 15.24% with the initial overall
g efficiency being 27.65%. The falling-rate period characterised a significant proportion of
d'yinsprocess from the start for tray 1. Two stages of the falling-rate period were identified.

he first falling rate period which ends at a moisture content (Mc;) of 624.11 (%db) is
cterised by the exponential function
= 1205.7 exp(-0.131r),

and the second falling rate period which begins from a moisture content (Mc;) of 502.15 (%db)
{ ends at a moisture content (Mc3) of 273.49 (%db) is characterised by the exponential

g -592.I6exp(:0.l$t) =
| e ﬂleﬁrstmdsecondfallingmcperiods.ﬂndryingmewhichspuualhowpaiodis
“terised by the linear function
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M = 496.15t — 490.15

After the second falling rate period, another drying period spanning 1 hour indicates inactivity,
hence,

M = 273.49

This result is in close conformity with findings of Lewis (1921). Since the linear part of the

drying rate is insignificant, it can be concluded that the entire drying rate falls within the falling
rate period.

Solar Drying Mode
Product surface temperatures vs t/(h)
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Figure 119 Product surface temperatures in trays 1, 2, and 3 versus time in solar drying mode

Hourly product surface temperature variations are shown in figure 119 with all product surface
temperatures starting from an initial value of 22.7 °C at all tray levels. It is obvious the top tray
(tray3) experienced the highest product surface temperature throughout the entire duration of the

test with the minimum and maximum values being 22.7 and 72 °C respectively.
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Figure 120 Air inlet and exit relative humidity values versus time in solar drying mode

Hourly variations of the relative humidity of ambient air and vent outlet air is shown in figure

120. It can be seen from the figure that the moisture transfer from the products as represented to

some extent by the difference between the inlet and outlet relative humidity values responds to

thermal drive (mass flow of air) through the dryer. It is obvious that at the 0™ 1st, 4th, 9th, 10™,
1t 12t 18™ 20™ 21, 22", and 23™ hours of the test where the lowest air inlet velocity of

0.3 m/s was recorded, the exiting air relative humidity values fell below the corresponding inlet

values.

SOLAR DRYING AT DAY TIME WITH BACK-UP HEATING AT NIGHT (SCENARIO 2)

1500
1000
500

Moisture content(%db)

Solar Drying at day with back-up heating at night
Moisture content vs t/(h)
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Figure 121 Percentage moisturé'm dry basis versus time in back-up heating mode
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Figure 121 shows the dehydration curves for the bottom, top and middle trays in solar drying

mode with back up heating at night. In this drying mode, effective drying time was reduced from

23 hours in solar drying mode to 19 hours. The dryer was operated in this mode at full capacity
with an average volumetric air flow rate of 73.63 m>/h being recorded. The moisture pick up
efficiency ranged between 0.0068% and 99.88% giving an average value of 15.30%. At the
initial stage of drying (solar mode of operation) drying rate was highest in the top tray (tray 3)
followed by the middle tray with the bottom tray recording the lowest initial drying rate. This is
due to the exposure of the top tray products to direct infra red radiation. However, with the
operation of the backup heater the gap between the drying rates narrowed because of increased
heating effect in the plenum. The pick- up efficiency across the three trays ranged between
0.0055% and 99.88%. It can be observed that the moisture pick- up efficiency generally
decreases as drying proceeds because of the high water molecule binding energies that prevail at
low moisture contents. It becomes increasingly difficult to cause moisture to move to the surface
of the product. For the drying rate in the top tray, the entire drying period falls within the falling
rate period with two different falling rate regimes manifesting. The point of transition between
the two falling rate regimes occurs at a critical moisture content of 541.79 at the 8™ hour from
the start of drying as shown on figure 121. The critical moisture content for the middle and
bottom trays both occurred at the 7" hour with a value of 892.41.

The two falling rate regimes are characterised by the following equations:

M, = 994.77 exp(—0.093) and M, = 677.7 exp(0.158¢)

The graphs showing these deductions are shown in figures 122 and 123.

Solar heat charging with back up - Solar drying with back up heating
heating Falling rate regime 2 (top tray)
o) falling rate regime 1 (top tray) E 800.00
S =
E 1000.00 iy § 600.00 T
] — =
. V%K L S 400.00
e i S 200,00 Expon.
g g Expon. 7 "~ |ly=679.7e°1 (Tray3)
g 000 = ey 3 | 2 0.00
t/(h) | t/(h)
FigurEﬁTfallmg rate regime 1(top tray) Figure 123 Falling rate regime 2(top tray)
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Solar drying at day with Backed-up drying at night
: Product surface temperature vs t/(h)
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Figure 124 Product surface temperatures at trays 1, 2, and 3 versus time in back-up heating mode

The hourly variation of product surface temperatures at the three tray levels are shown on figure
124. After the 7" hour of drying, the middle tray product surface temperature falls whereas the
top tray product surface temperature leads the values for the bottom and middle trays for a

significant period of the second half of drying.

Solar drying with backed up heating
Relative humiditiesvs t/(h)
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Figure 125 Dryer air inlet and outlet relative humidity values versus time in back-up heating
mode

On this particular day, the ambient air relative humidity range between the hours of 7:00 pm and
5:00 am ranged between 84% and 97% with the corresponding mean ambient temperatures
ranging between 24.48 °C and 27.62 °C as shown in figure 125. The calculated thermal energy
stored during solar heat chargiﬁﬁn—g‘;g_bemtaen 0.1242 MJ and 0.2044 MIJ. Clearly, these
conditions indicate that drying will not be effective if back up heating is not employed. Between

e —

11:00 pm (July 21, 2012) and 5:00 am (July 22, 2012) (during the peak back up heating period)
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the average outlet air relative humidity ranged between 70.4 and 92.9% while the average inlet
air relative humidity ranged between 94 and 97% with the differences between the corresponding
inlet and outlet minimum and maximum relative humidity values being 23.6% and 41%. This
clearly indicates that the drying air picks up moisture from the product and simultaneously

undergoes heating, hence the average outlet relative humidity values being less than the inlet

values.

BURNER DRYING MODE (SCENARIO 3)

Drying in Burner Heating mode
Moisture content vs t/(h)
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z
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Figure 126 Percentage moisture content on dry basis versus time in burner drying mode

Figure 126 shows the hourly variation of moisture content (%bd) for the three trays in burner
drying mode. Drying at full capacity, the overall drying time was 10 hours which is less than
twice the total drying time recorded in solar drying mode of operation. Moisture pick up
efficiency over the drying period ranged between 0.053 and 63% with an average value of
17.22% and an average volumetric air flow rate of 156.78 m’/h. Obviously, drying rate was
highest in the bottom tray (tray 1) due to the relatively high heating effect and, hence, improved
thermal buoyancy in the plenum. The products in the middle tray (tray 2) recorded the second
highest drying rate followed bym. The critical moistures contents for the trays 1, 2,
and 3 are 781.12, 678.99, and 442.70, respectively. The dehydration curves for the bottom,

_-—l-'-ﬂ-_—

middle, and top trays are
176



LLT

91 ¢0820 S0000 €£°C86 0OvL 76 vEE00 €0 6'tEL 169C 01
981 [S] €I¥9°0 98000 v'C86 ¢ ¢8 EFIOO0 LO TELISLC 6
| i(4é YA 78860 L1000 8186 ¢ 08 78 ELP00 €0 T19L €6LC 3
[LC 01¢C 17420 I LPPRLast O , 7 186 0'6L 6L 'T¥100 OT1 99L LS8C L
1]43 69C 9¢1 CTv8C 0ELI'0 9086 9°6L LAOU 100 €0 €LL LT6C 9
9 % {43 10T 8¥IL'S  169T°0 0086 8°C6 1L NUCEOD €0  8LL §86C S
0§ (437 9LT ¢8S6'y  TTIT'0 L°6L6 7’16 0L 9¢600 LO 8L 80t 14
8LS [1s 1% 3 6SI'S  TOIT'0 £086 98 0L LS900 OC LL WOt £
9L9 9¢9 8CS 9180°€E SEIT0 1186 CL8 89 65900 VI ¢99 TOL [4
8CL OIL 899 CEEEY 99790 TT86 7 68 €9 TWIO0 VI T¥vr 6£°6C |
1273 1472 145 ['C86 V'SL ¢9 €0 6£8C SE8C 0

(8)/ew (8)/w (8)/ '

¢ AVdL ¢ AVdlL [ AVIL pl du oy n& ? “w ' ofy J ] ()1

wd Z1:7] :paMels swl], ‘Z10T ‘TT AInf “auﬁ/;ﬁ

A 0081 :Sunel suing 4/ W §/°9G| = 2)el MO[J SWN[OA ITBIIAY ‘zwi/3Y pS b1 = ANsusp Surpeo] ‘opow 1auIng ur SUIkIQ 6 2IqEL




8L1

(1eak dea
® 10J [+£07 "2°1) Teak 2y Jo Aep Juasaidal ()7 s1oquinu SnIS[a) saai18ap ur are sainjeradwd) (e ‘ainjeladuio) aoe)Ins 1oNpoid sd

€L 1809 -€1L 6€L TSL €06 £TII €S8 &EET LS6S €8T 169T 00T H0OT
'L €1°09 €109 1999 L'SL 806 SOIT L8 THEI TI'09 ISLT 1SLT 001T ¥0T
0L 1S°09 81°65 1509 98L 66 C6I1 668 L'SEI 11'€9 €6LT €6LT 000 +0T
00, 8765 8L°SS TI'T9 L98 €501 121 816 LO9¥1 L8389 LS8T LS8T 0061  H0T
CLL b8y 8L°Sh €409 T1TL TTOl TELl +T6 S6vI €LL vEE LT6T 0081 | ¥0T
8LL 19'Ly TE9F 6T8S 7965 1'SOI 8801 6776 88b1 8LL T80V €86 O00LI | ¥0T
78L 10bh SLOF €S T8L9 €v0OI 80T  T6 €THl E€¥L ¥vE 8TOE 0091 | 0T
[L 8Ty LTLE €89V 9V'LS T86 L00T 606 T'EEl  I'¥9 8L1€ +0€ 00ST | ¥0OT
c'09 S6ZE 8SIE L'SE 899y vH8 SSL 9L I'SIT €979 8SIE TOE 00vI \VOT
by 6E67 6567 6567 vI'TE 9v8F PI'Eh 80°SS  TL 9V'TS 9L0E 6E£6T O00El  +0T
CE'87 SE'8T SE8T SC8T E£L67 8E6E 68¥h SE8T 68Fy SE'8T SEBT SE8T 00TI 0T
gy e osdy mdp oyp  Mnp g d<ep Ay omy 8y 8] oy |Ke@

1
i

wo p = ded jopno JuaA ‘wog — ded jorur winuapd fwid Z[:Z] :payeIs W] Z10T “TT Aoy ”Emw/muh

saimeiadwa) Juauodwod walsAs — apowu Jouing ur ulli Q1 2[qeL




M =1761.9exp(-0.3521),
M =1634exp(—0.243¢), and
M =1761.9exp(-0.352¢) respectively

Burner drying mode
Product surface temperatures vs t/(h)

— - Tnst2

Product surface
temperatures
—

o

- == =Tpst3

t/(h)

Figure 127 Product surface temperatures versus time in burner drying mode

Figure 127 shows the hourly variation of the product surface temperatures at the various tray
levels. Obviously, the product surface temperatures at tray 1 (the bottom tray) are comparatively
higher than at tray 2 (the middle tray). The top tray recorded the lowest product surface
temperatures. This observation can be attributed to the fact that the bottom tray products are
closer to the thermal mass so that the bottom tray products experience more heating than at

subsequent tray levels.

Burner drying mode

Relative humidities vs t/(h)
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Figure 128 Dryer infet and outlet relative humidity values versus time in burner drying mode
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Figure 128 represents the hourly variation in average fluid inlet and vent outlet relative humidity
values over the period of drying. Up to the 6" hour of drying the rate of dehydration was
significantly high with the outlet air relative humidity reaching 92.8% from a corresponding
average inlet relative humidity value of 71% at the 5™ hour of drying. The rate of dehydration
(refer to figure 128), however, decreased drastically from the 7™ to the 10™ hour due to the

decrease in concentration gradient leading to the requirement of high heating effects for moisture

migration.

HYBRID HEATING MODE (SCENARIO 4)

Hybrid Drying Mode

Moisture content vs t/(h)
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L
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Figure 129 Percentage moisture content on dry basis versus time in hybrid drying mode

The dehydration curves for the three trays at full capacity in hybrid mode of operation are shown
in figure 129. With an average volumetric air flow rate of 68.85 m>/h, a total drying time of 8
hours was recorded. The moisture pick up efficiency ranged between 0.15 and 64.75% with an
average value of 10.65%. The bottom tray recorded the highest drying rate with the moisture
content getting to the desired value in 7 hours. The rate of drying with respect to the three trays
appears to proceed smoothly in this mode of operation in comparison with the other three modes
because of the seemingly uniform heating effects across the trays hence the observed consistency

in drying uniformity across all trays.
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Hybrid drying mode
Product surface temperature vs t/(h)
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figure 130 Product surface temperatures versus time in hybrid drying mode

Figure 130 shows the hourly variations in product surface temperature with respect to the three
trays. It can be seen from figure 130 that the product surface temperature in the bottom tray leads
the middle and bottom trays. This can be attributed to the comparatively high heating effect of
‘the thermal mass on plenum fluid as opposed to the heating effect on the top tray due to direct

jeating from the infra red lamps.

/ Hybrid drying mode
Relative humidities vs t/(hrs)

100
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Figure 131 Dryer inlet and outlet relative humidity values versus time in hybrid drying mode

Figure 131 shows the hourly variations in the dryer inlet air and vent outlet air relative humidity
values. The dehydration rate from the start of the drying to the 6" hour was very high as
mdlcated by the difference in relative humidity values shown in figure 131. However, the
‘ dehydratlon rate decreased significantly between the 7" and the 8" hour because of the drastic

decrease in concentration gradient
| P //_—,J
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Comments:

1. In solar heating mode of operation, results show that the thermal mass was capable of
storing part of the absorbed solar energy but the quantities involved are insufficient to
sustain night drying, hence, the need for back up heating in solar drying. It was possible to
dry a batch of pineapples (weighing 2,262 grammes) in each mode of operation. In the solar
mode of operation, the dryer reduced the moisture content of pineapple slices from about
1049.43% to 143.91% (db) in 82,800 seconds; 924.42% to 105.80% in solar drying with
back up heating mode in 68,400 seconds; 1049.43% to 183.55% in burner drying mode in
36,000 seconds; and 912.23% to 154.58% in hybrid drying mode in 25,200 seconds. The
average values of the moisture pickup efficiency were 15.24%, 15.30%, 17.22%, and 13%

in the solar, solar with back up heating, biomass, and hybrid modes of operation

respectively.

2. During the natural convection solar drying of pineapple from a moisture content of
1049.43% (dry basis) to lower moisture contents of around 143.91% (dry basis) in solar
operating mode, no constant-rate period was observed. The falling-rate period characterised
the entire drying process from the start. Two stages of the falling-rate period were
identified. The first falling rate period which ends at a moisture content (Mc;) of 624.11
(%db) is characterised by the exponential function M = 1205.7exp (-0.131t)

and the second falling rate period which begins from a moisture content (Mcp) of ~ 502.15
(%db) and ends at a moisture content (Mcs) of 273.49 (%db) is characterised by the
exponential function

M = 592.16exp(-0.15t)

In solar dryer mode with back up heating, the entire dehydration curve falls within the
falling rate period with two distinct falling rate regimes manifesting. These falling rate
regimes are characterised by the falling equations: The two falling rate regimes are

characterised by the underlisted two rate equations:

M, =994.77 exp(-0.093¢) and

M, =677.7exp(-0158/)
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The point of transition between the two falling rate regimes occurs at a critical moisture

content of 541.79 at the 8" hour from the start of drying.

3. In burner drying mode, the rate of dehydration was highest in the bottom tray (tray 1) due
to the relatively high heating effect and, hence, improved thermal buoyancy in the plenum.

Again dehydration at the bottom, middle, and top trays were all within the falling rate period

with the following characteristic functions:
M =1761.9exp(-0.352f), M = 1634exp(—0.243r), and
M =1761.9exp(—0.352¢) respectively

Hence, it can be concluded that the dehydration of pineapple occurs entirely in the falling

rate period.
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CHAPTER SIX

COMPUTER SIMULATION: PROGRAMS, RESULTS AND DISCUSSION

6.0 Computer simulation code

A complete testing of the air-heating mathematical models developed in chapter 3 to predict the
expected performance of the system was carried out by means of three computer simulation
codes integrated on one platform - SHM, BHM, and HHM- written using MATLAB. The
simulations begin with the selection of a particular programme (SHM, BHM or HHM). The
program SHM is for studying the performance of the air-heater in solar heating mode; BHM for
investigating the performance of the air heater in burner heating mode; and HHM for predicting
the performance of the air heater in hybrid heating mode. Each of the air heater models consists
of three elements— AIRFM (the air flow model), DCHM (the drying chamber heating model),
and the air heater model (i.e. SHM, BHM or HHM). The air heater model, serves to determine
the average temperatures of the air heater and burner components right from inlet to the plenum.
The component DCHM takes care of the pertinent drying chamber performance parameters
under no load conditions.The data required as user-supplied or internally-generated input in the

execution of each of the air heater models are as follows:

a) the temperature of heated air entering the drying chamber which is equal to the mean
temperature of plenum air, T

b) guess values for the average operating temperatures of the air heater components,

¢) the velocity of heated air entering the drying chamber,

d) the intensity of radiation reaching the dryer from the solar simulator,

¢) the ambient conditions (temperature of ambient air and the wind speed)

f) the physical and thermal properties of the materials used for constructing the dryer, and

g) the dimensions of the system (plenum inlet gap, vent outlet gap, concrete absorber surface

area, plenum glasscover surface-area(solar aperture), and upper and lower wall surface areas).
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The general flow chart of the MATLAB programme designed for the air heater model in each

heating mode is shown in figure 132. The flow chart shows the simulation procedure

Start
v

Select either SHM or BHM or HHM

'

For SHM

h 4

Input dryer dimensions, constants, coefficients, inlet conditions, and climate and
environmental data

s 0

Guess Tg, Tg and Tg for air flowing through the system, Tyc ang Taw for drying
chamber model, and T, T, Tiw, Te, Trobu@nd Ty, for solar, burner, or hybrid heater model

;

Calculate V, (equ. 3.26) and m, (equ. 3.30).
Determine drying chamber heating coefficients equ. (3.31), (3.35), (3.37), (3.47)

Calculate the new T @s Tgenw, and Tgw as T nwfrom equations (3.66) and (3.67) respectively

For BHM solve equs.
(29) — (34f)

Accept and Input m,
Determine the solar air heating coefficients from equations (3.31), (3.35) —(3.37), (3.43), (3.48a and b)

I

Calculate the new value of Tap as Tabnws Tab-p @S Tab-rpows Le S Tenws Tuw @S Tuw,nws Tiw as
Tiw.nws and the value of T, using equations (3.51a) - (3.5 1d), (3.52a & b), (3.52), (3.53)

¥ =
For HHM solve Output the latest calculated temperatures and For BHM solve equs.
Equs. (3.35) - airflow rates (3.54a) - (3.54e), (3.55)
3.48d) _ T
— ..,--"‘"'"/—Ernd
For HHM solve equ. (3.57a)
Figure 132 Flow chart for air heater simulation model —(3.57b), (3.58)- (3.62)
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6.1 Air-heater performance simulations

The performance of the air-heater was simulated using constant operating values of the incident
energy input and ambient air conditions such as were used in the experimental model. This
approach was adopted since the air-heating mathematical model was developed based on the
operation of the system under constant average ambient air conditions and operating
temperatures of the air-heater components. In the laboratory model, the ‘solar simulator’
provided average incident radiation in the range 350 W/m? to 550 W/m* on the plane of the

plenum glass cover depending on the simulator platform chosen. An electronic copy of the code

can be found attached to the inner side of the back cover.

In section 6.1.1, the simulation results are presented. In section 6.1.2, the results of the laboratory
model air-heaters are compared with the experimental results and their implications are discussed

while air heater parametric studies is presented in section 6.2

6.1.1 Air heater simulation results
The results of the air heater simulation test runs in the three different air heating modes are

presented in this section.

Tables 13 to 21 show the results of running the computer code in solar, burner, and hybrid
heating modes respectively. The term RD shown in tables 13 to 21 represent relative ditference
between calculated drying chamber cover glass temperature (denoted by Tacnw) and guessed
value of drying chamber cover glass temperature (denoted by T4;) which was embedded in the

code as a criteria for acceptability simulation results. An upper limit of 8% relative difference

was use
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6.1.2 Comparison of simulation and experimental results on air heater

[n order to gain confidence in the simulation code as a tool for predicting the ventilation
performance of the dryer, a validation process is performed to ascertain the accuracy of the code
within acceptable limits. Results of the solar, burner, and hybrid air heating simulations are
compared with experimental results and presented in tables 22 to 25. Causes of any wide
deviation between the recorded and simulated values are examined for adjustments to be made
where necessary. For the experimental results, the lower wall, drying chamber cover glass,
drying chamber wall, absorber top surface, rock pile — absorber interface and rock pile —burner
interface temperatures are determined form average values recorded. These average values are
confirmed with those obtained using the model equations for each heating mode. The same
dimensions and the prevailing environmental conditions in the trial of the physical
MNCSCDBBH model have been used to run the simulation code. The general input simulation
parameters are listed in table 5.1. Tables 22 and 23 compare the simulation results (headed Sim)
with those recorded from experiment (headed expt) of the model in solar heating mode whereas
tables 24 and 25 compare results for burner and hybrid heating modes respectively. The solar
heater simulation code (SHM) predicts the temperatures to within 0.03% and 18.2% relative
difference (RD). The deviation of the predicted lower temperature in solar heating mode at a
plenum inlet gap of 0.02, fluid inlet velocity of 0.7 m/s, and a fluid inlet temperature of 303 K
resulted in the extreme relative difference of 18.2%. In burner heating mode, the simulation code
(BHM) predicts the temperatures to within 1.1% and 29.5%. The extreme case of 29.5% relative
difference occurred at a plenum inlet gap of 0.02 m for the rock bed —burner interface
temperature at a fluid inlet temperature of 297.2 K. and a velocity of 1 m/s

The relative difference range was 2.5% to 20% for hybrid heating mode with the extreme relative
difference value of 20% occurring at a plenum inlet opening of 0.04 m and inlet temperature of

298.9 K.

Results Comparison of simulation results (headed Sim) and experimental results (headed expt)
each with the relative difference D below it. D = l{(S:m -expt) /exptRH x100%
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6.2 Parametric studies and optimization of air ventilation process

| In order to determine the optimum plenum inlet area to vent outlet area ratio of the dryer for

effective ventilation, the air flow through the dryer is examined in relation to various design
parameters of the dryer, under a given irradiation condition in solar heating mode. Figures 133,
134, and 135 show the graphs of air mass flow rate, air outlet velocity and collector efficiency
- versus inlet fluid temperature for the plenum inlet to vent outlet area ratios (A/A,) of 1, 1.33,

- and 1.5 respectively. In each parametric study, and for each area ratio the simulation code was

run a number of times with different values of fluid inlet temperature at a constant insolation of

350 W/m? on the middle plane of the plenum cover glass while observing changes in the air mass

flow rate (mo), air outlet velocity (vo), and collector efficiency.

eE— )

Solar heater simulation (Ap/Ao = 1)
; Performance indicators vs Tfi/(0C)
0.1
4 L
0.08 Do N "
v 4
r E 0.06 AE 'e"" v Mo
E 0.04 / \. ® - -vo
E 0.02 ' ' e IF
g 0
Tfi/(oC)

Figure 133 Parametric studies-solar heating mode 1

Solar heater simulation (Ap/Apo=1.33)
Performance indicators vs Tfi/(oC)
0.5 ! ¥, '
tn.4 ety T e
5 0.3 o i
= g - =
g 0.2 -~ VO
& 0.1 | — —1C
E Tfi/(oC)

Figure 134 Parametric studies-solar heating mode 2
—
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Solar heater simulation (Ap/Ao= 1.5)
Performance indicators vs Tfi/ (0C)

" 0.5

=) L VN

#8104 % RN

E 0.3 il -~ @ —mo

Q

E 0.2 — V0

% o - — #nc
Tfi/(oC)

Figure 135 Parametric studies-solar heating mode 3

The effects of varying the area ratio from 1 to 1.5 on mass flow rate, outlet velocity, and
collector efficiency can be seen from figures 133, 134, and 135. The range of values of outlet
velocity, mass flow rate, and collector efficiency for the various area ratios are summarized as

follows:

A/A,=1

Vo: 0.056 to 0.09 m/s; m,: 0.0065 to 0.072 kg/s; and n: 0.1 to 0.15
AVA,=1.33

Vo: 0.184 to 0.475 m/s; m,: 0.0026 to 0.0065 kg/s; and n.: 0.056 to 0.15
AJ/A,=1.5

Vo: 0.311 to 0.449 m/s; m,: 0.0058 to 0.057 kg/s; and Ne: 0.1510 0.17

Aarea ratio increases from 1 to 1.5 the average outlet velocity, average mass flow rate, and
simulated collector efficiency show remarkable increases in value as indicated by the ranges of

values listed.

Comments: -
Mathematical models and MATILAB-eodes have been developed to simulate the thermal and

buoyancy characteristics of the MNCSCDBH in three modes of heating namely, solar, burner,

e

m—
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and hybrid heating modes respectively. The temperature predictions for the solar, burner, and
hybrid heating modes are generally within the following ranges 0.03 to 18.2 for solar; 1.1% to
29.5% for burner; and 2.5% to 20% for hybrid heating mode.

From parametric studies it was observed that the extreme values of relative difference occurred
at a plenum inlet opening of 0.02 m in each heating mode. This result confirms the findings of
the experimental characteristic studies performed on the dryer (refer to section 5.1 of chapter
five). It can therefore be concluded that operating the system at a plenum inlet opening of 0.02 m
leads to irregularities in system performance.

The resulting simulation code can therefore serve as an effective tool for designing the
MNCSCDBH for optimum performance.
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CHAPTER SEVEN

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

7.0 Conclusions

The main objective of the research was to study the thermal buoyancy characteristics and
possible drying conditions of a mixed-mode natural convection solar crop dryer with
integrated collector-storage and back-backup heater through modeling and experimental
studies.

. A typical small-scale mixed-mode natural convection solar crop dryer (MNCSCDBH)
was designed and constructed. Two categories of experimental investigations were carried
out on the laboratory model of the MNCSCDBH with six (6) infra- red lamps and a 1800
Watts electric heater as heat sources. The first category of experiments was conducted
under no load conditions as part of a general thermal characteristics study of the
experimental dryer under varied plenum inlet and vent outlet gap conditions. The second
category of tests which was conducted at maximum loading capacity of 2,262 grammes
using fresh pineapples in four heating modes namely, solar drying mode, solar drying with
back up heating, drying in backup heating mode only, and hybrid drying mode, to
determine the effect of the heating modes on drying time and drying effectiveness. The
control drying test for the second category of test is the solar drying mode since results
obtained in solar drying mode were used as baseline values for comparative analysis. An
integrated mathematical model was developed and used for simulating the performance of
the air-heating system in the three heating modes employed. The validity of the predicted
results was checked by comparing some pertinent simulation results of the air-heating
processes with experimental data. The models were fine tuned and used for some
parametric studies the results of which were presented in chapter six. Considering the

results of the present study, the following conclusions can be drawn:

I. The dryer characteristic study has shown for plenum inlet gap to vent outlet gap
ratios of 1:1 and 1.33 in each of the three heating modes that the air flow through
the dryer is inadequate and that temperatures in the system components become

—high giving riseto telatively high plenum inlet temperatures and low air heater
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efficiency. It was also noticed under these conditions that the relative humidity of

the air exiting the vent did not follow any particular pattern.

. In solar heating mode the ambient air relative humidity values covering the 9

experiments conducted ranged between 51% and 95% whereas the mean ambient

temperature values ranged between 22.7 °C and 32.2 °C. The calculated thermal
energy stored during solar heat charging ranged between 0.029 MJ and 0.251 MlJ.

Clearly, these conditions indicate that drying will not be effective on some days if

back up heating is not employed since the quantities of energy absorbed are too

small to sustain night drying.

. At a plenum inlet gap to vent outlet gap ratio of 1.5:1 comparatively high mass

flow rates of between 0,0141 and 0.0798 kg/s were recorded with comparatively

high air heater efficiency values of between 0.093% and 1.89%. Against this
background it is concluded that a plenum inlet gap of 6 cm and a vent outlet gap of

4 cm optimises the thermal performance of the dryer. For design purposes a plenum

inlet gap to vent outlet gap ratio of 1.5:1 optimises air flow through the dryer.

It was possible to dry a batch of pineapples (weighing 2,262 grammes) in each
mode of operation. In the solar mode of operation, the dryer reduced the moisture
content of pineapple slices from about 1049.43% to 143.91% (db) in 23 hours;

924.42% to 105.80% in solar drying with back up heating mode in 19 hours;
1049.43% to 183.55% in burner drying mode in 10 hours; and 912.23% to 154.58%

in hybrid drying mode in 7 hours. These results are in close conformity with the

observations of Madhlopa et al (2006). The average values of the moisture pickup
efficiency were 15.24%, 15.30%, 17.22%, and 13% in the solar, solar with back up
heating, biomass, and hybrid modes of operation, respectively. These results are in
conformity with the observations of Madhlopa et al. (2006) and Elepano and

Satairapan (2001). In solar- biomass mode of drying, Elepano and Satairapan 2001)

noted that the dryer dried 50 kilograms of sliced pineapple fruit from a moisture

content of 85% w.b. down to 20% w.b. in 18 hours.

. The falling-rate period characterised the entire drying process in solar drying mode.
Two stages of the falling-rate period were identified. The first falling rate period
which ended at a moisture content (Mc;) of 624.11 (%db) was characterised by the
exponential function M = 1205.7exp (-0.131t), whereas the second falling rate

—period which m moisture content (Mc,) of 502.15 (%db) and ended at a
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10.

moisture content (Mes) of 273.49 (%db) was characterised by the exponential
function M = 592.16 exp (-0.15¢)
In solar dryer mode with back up heating, the entire dehydration curve fell within
the falling rate period with two distinct falling rate regimes manifesting, These
falling rate regimes were characterised by the following equations:

M; =994.77 exp (-0.093t) and

M, =677.7exp (-0.158t)
In burner drying mode, the rate of dehydration was highest in the bottom tray (tray
1) due to the relatively high heating effect and, hence, improved thermal buoyancy
in the plenum. Again dehydration at the bottom, middle, and top trays were all
within the falling rate period with the following characteristic functions:

M=1761 9exp (-0.352t),

M = 1634exp (-0.243t), and

M =1761.9exp (-0.352t), respectively.
Hence, it can be concluded that the dehydration of pineapple occurs entirely in the
falling rate period. These conclusions are in conformity with the observations of
Ayensu (1997) and Aggary et al (2013) that no constant rate period occurs in the
drying curves for unblanched and blanched pineapple samples.
Mathematical models and MATLAB codes have been developed to predict the
thermal and buoyancy characteristics of the MNCSCDBH. The temperature
predictions for the solar, burner, and hybrid heating modes are generally accurate
within the following ranges 0.03 to 18.2% for solar; 1.1% to 29.5% for burner; and
2.5% to 20% for hybrid heating mode
Even though some discrepancies were found between the experimental
performance indicators and their corresponding values predicted by the model as
presented in this study, the code can be considered to be quite satisfactory in
predicting the thermal and buoyancy performance of the dryer under no load
conditions
From the parametric studies it was observed that the extremely large values of
relative difference occurred at a plenum inlet opening of 0.02 m in each heating
mode. This result confirms the findings of the experimental characteristic studies

performed on the dryer. It can further be concluded that a plenum inlet area gap to

‘vent outlet gap rﬁﬁEBfIIEptﬂnises the performance of the dryer.
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7.1 Suggestions for further studies

A prototype of the dryer could not be built as a result of time and financial constraints. It
IS apparent from the findings of this study that some further work is necessary in refining

and verifying some of the deductions made. The following areas require further work in
order to consolidate the observations made.

I

A horizontal arrangement was adopted for building the thermal mass. It is
recommended that further model studies be conducted to investigate the effects of

varying the orientation of the thermal mass on system availability (exergy), collector

efficiency, and the overal] performance of the dryer.

. It is recommended that a commercial scale type of the dryer be built to investigate the

effect of loading density on the dryer. Adequate experimental data on the full capacity
of the dryer must be established and used to validate the performance of the system in

order to establish conclusively the findings of this study.

. The model developed only investigates the performance of the dryer under no load

conditions because of time constraints. However, a comprehensive algorithm has been
developed to that effect in section 2.9 of chapter two. Secondly, sufficient experimental
data has been collected from the load tests on the laboratory model. It is therefore
recommended that a model capable of predicting the performance of the dryer under
load conditions be built and validated against the data collected on the small scale

model for each operating mode.
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APPENDICES
Appendix A

Table Al: Head loss coefficients for a range of pipe fittings

Fitting Loss coefficient, K
Gate valve (open to 75 per cent shut) 0.25 =25
Globe valve 10
Spherical plug valve (fully open) 0.1

Pump foot valve 1.5
Return bend 2:2

90° elbow 0.9

45° elbow 0.4
Large-radius 90° bend 0.6

Tee junction 1.8

Sharp pipe entry 0.5
Radiused pipe entry —0.0

Sharp pipe exit 0.5

Table A2 Monthly Solar Irradiance (W/m?) Data for Kumasi

Month Monthly Irradiance (W/m?)
January 266.7
February 333.33
March 380.25
April 405.08
May 413.75
June 341.33
July 300.42
August 236.75
September 292.00
October 374.67
November 351.50
December 303.30
Average- I A 333.30

Source: F.K. Forson et al (2004), “Solar Resource Assessment for Ghana”, Journal of the Ghana
i Institution of Engineers.
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APPENDIX B
SAMPLE DESIGN CALCULATION

The size of the collector was based on meteorological and crop parameters.

Some of the following characteristics were established experimentally while others were adopted

from literature:

Initial mass of fresh pineapples, m, =30 kg
Drying air inlet temperature, 7, =30 °C
Drying air inlet relative humidity, ¢ =75%
Initial moisture content of pineapple, M,=85%

Desired final moisture content of dried pineapple, M, =20%

To dehydrate a fresh food with an initial mass (7, ), the required mass of dry air (m,) to vaporise

water of mass (mw) from the fresh food can be calculated by (Ayensu, 1997)
m, =(M,~M,)/(100-11,) (1)
m,=m,, (FVI _FVI) (2)

Under the stated design conditions, m,, =24.375 kg

Using pyschrometric principles, ambient air is heated from point A (temperature 7, = 303 K,

relative humidity ¢, =80%, specific volume v, = 0.883 n’ kg, h =86 %g )

kg H,0O : 4 " . .
W =0.0215 A kg dry air ) to point B (T, , =315 K, ¢,,,=42%) at constant humidity ratio

(W,=W,,,) as shown in Fig. 1. The heated air (in the plenum) passes through the drying bed and

picks up moisture from the fresh food at constant enthalpy, increasing humidity ratio (W, ) to

— /—-”’—'—_-__
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Fig. 1 Illustration of psychrometric drying

kg H,0

0.0264 kg dry air

and T, =304.2K (h,,=98.8 f%g) above the drying bed.

at point C where it is assumed to exit the drying chamber atg = 90%

Therefore, to dehydrate 30 kg of pineapple at M, =85% to M, =20%, means removing m, =

24.38 kg of moisture requiring m,=4,974.49 kg of dry air. The corresponding volume of drying

x(304.2K)
kg kX /uu : kPa)=4,288.76m3.

air required for dehydration,

m RT (4974.49 kg) x (0
P;: 2 f%:

"

e ——
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The heat transfer rate required for heating air in the air heater passages is given by (ASHRAE,
2001)

Q =1m_ (hdb.i = hf.i) (3)

Equation (3) can be transformed to include the total concrete absorber area required to store the

total amount of thermal energy required for drying within a period of time 7, as

N = m, (hdh.i E hf,i)

(nH,) (4)

Ayensu (1997) observed that the solar intensity ranges from 550 to 1075 W m ~ with a total
incident energy per day of 15-30 MJ m -2 in ‘Ghana. The solar system under consideration was

designed to dehydrate 30 kg of pineapple in 259,200 s (3 days). Using a daily solar radiation

received per collector surface area of 25 MJ/ (mz) and assuming the total opto-thermal

efficiency of the single glazing-collector system, 7, =25% then the total thermal energy

provided by a unit area of the collector during the drying period (3 days) is 3 x 0.3 x 28 M/, Im* .

Under the stated meteorological conditions, the total collector area required, A = 2.5 m?, and the

mass flow rate of dry air is 0.0192 kg/s . The collector of the dryer has a horizontal concrete

absorber that is painted matt black on its top part and integrated to a rock bed. It is enclosed in a
wooden frame (constructed from block board) mounted on the top part of the brick wall that
houses the burner using metal straps mortared into the top part of the brick wall. The exterior
part of the woodwork was covered with a painted galvanized iron sheet (6 X 10 m thick) to
protect the wood from weathering.

The standard storage capacity of a solar air heater is 0.25 m° of pebbles (including void space)
per unit area of the collector (Duffie and Beckman, 1991). For A = 2.5 m? in the present study,
the required pebble volume and depth would be about 0.63 m° and 0.25 m respectively.

According to Forson et al (2007), the effective drying bed area A4, is obtained from first
principles by relating the solid density of the wet material to its mass and the corresponding

volume as = )
e /"————’_-_

mP
A = ool -5 i
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where m, is the mass of the crop to be dried, Py the bulk density of the crop on wet basis, A,

depth of drying bed, & the loading bed void fraction, and & the crop porosity. Putting m,=30 kg
P =964 l(g/m3 ,» B, =0.15m,e =0.267 , and ¢ =0.11 @85% moisture content
(Dull, 1971)’ the drying bed (A4,,) area is given as 11m? The corresponding loading density (

L,=m,/A, ) is 11.66 kg/m®, the value of which falls within the acceptable range of 5-18

kg/m°. Hence, each of the three trays to be used in the drying chamber will have a total surface
area of 0.86 m” (i.e. 0.86 m x | m) and a depth of 0.05 m. The width has been adjusted to 0.90 m

whereas the length has been adjusted to 1.64 m given a new drying tray surface area of 1.476 m>

per tray.

The free flow of air through the drying bed is caused by a pressure drop across it resulting from

the difference between the densities of relatively cool ambient air and the warm air inside the

dryer. As shown in figure 2A, P, B, P,, and P, represent the pressure levels and while p, and

P, are the respective densities of ambient and heated air. The density difference equation is given

as
Ap=p,-p, = P(Tj -TB)/R

Where  T;=315K, T, =303K, P=101.3Pa, R=0.287kJ/(kgK)and, therefore
Ap=4.4x10"kg/m’ . If the total height, A= 2.4 m, the corresponding pressure difference

because of convection is Ap= h(Ap) g=0.693 Nm %, where g is the acceleration due to gravity.

CALCULATION OF RELEVANT GEOMETRIC PARAMETERS OF THE PROTOTYPE
USED IN THE SIMULATON

A, 1.4x1.8
Characteristic length, L, =— = s =0.394m
B 6.4

Characteristic length, L =A, /P = 17486/ ' = 033 m
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_ (1.54x0.62)x2 + (2.03x0.62)x2
~ (1.54x4) + (0.62 T Lo
; 62x4) + (2.03:-:4)

w

Lower wall total surface area, A,, =(1.54x0.62x2) + (2.03x0.62x2)= 4.427 m?

Ay =14x1.8=2.52m* A_=1.64x1.249=2.048m?

2.13 + 0.94)x0.21
Aw=2><{(0.1><2.13)+( : ) 7}+(0.le.64)+(1.64><0.3|7)

=1.776 m’

Dryer air inlet area, A, =1.54x0.1 = 0.154 m?
- Dryer cross-sectional area, A_,, = 1.64x0.9 = 1.476 m?

Calculation of Various plenum inlet and vent outlet openings used in the simulation:

Plenum inlet openings
Ay, =1.54x0.09=0.139 m* A, =1.54x0.07=0.18m* A, =1.54x0.05=0.077 m’

pi pi

Vent outlet openings
A, =1.6x0.1=0.16 m’ A, =1.6x0.08 = 0.128 m’ A, =1.6x0.06 = 0.096 m’

A, = 0423 m’
Drying chamber wall inner surface area:
Ay, = 2(1.64x0.41) + 2(0.9x0.41) = 2.08 m?

Total height of dryer excluding the flue gas chimney,

Total height of dryer (excluding flue gas chimney pipe),H = 1.605 m

H, =620mm H_ =317mm H, =410mm H_ =158 mm

— ,/E—_;;A - 0.9x1.64 = 0291 m
Hydraulic Radius for drying chamber, "%  p (0.9x2) +(1.64x2)

. Characteristic length for drying chamber cover glass,
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Bow - 0.9x1.64
" P (0.9%2) +(1.64%2)

=095 m

Estimation of Loss Coefficients

1. Burner unit loss coefficient (K, )

Kbu 53 Kenlry + Kbending t Kexp

For sharp rectangular entry, R =10.50
For 90° bend, K,_,;,,, = 0.9

2 2
For sudden expansion losses, K = [ - % J = [1 - %1;:-—8) = 0.7034
2 .

Therefore, K,, =09 + 0.7 + 0.5 =2.1

2. Collector unit loss coefficient (K_)
Ko = Kﬂp 1o SO
For sudden enlargement losses at plenum entrance,
K= [I - %2 T = [1 - ?21—5226]2 = 0.9025
For contraction losses along plenum glass cover roof, K ,, = 0.17

K, =K., + K, = 09025 +0.17 = 1.07

3. Drying chamber loss coefficient (K ;)

Under no load conditions, K, =

Under load go,nditions

Pressure drop due to rest by crop bed,

AP, =R, (p,T, - pT;) = 0.2871x((1/0.889)304.2 - (1/0.924)315) = 0.366 kPa
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Specific volumes at outlet and inlet to drying bed corresponding to the psychometric
diagram shown in Fig. 1 of appendix B are v, = 0.924 m%g and v, = 0.889 m ke
respectively

4. Bending and contraction losses at dryer exit (K )

K, = Kyoi + K

cont

Bending losses, K, ,, = 0.9

Contraction losses at air vent outlet, K __ = 0.795

K., = Kyosng + Koo = 0.9 + 0.795 = 1.695
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Eabtle B 1: Design parameters for a designed Prototype solar crop dryer with biomass back-up
eater

Design parameter Dimension

Absorber surface area, A, =2.5 m* (dimensions: 1.8 m x 1.4 m)
Absorber: concrete slab (0.03 m thick)

Thermal mass: granite pebble bed (360 kg, 0.09 m thick)

Drying chamber
External dimensions of a drying tray: 1.64 m x 0.90 m x 0.05 m
Dryer external dimensions: 0.94 m long x 1.64 m wide x 0.410 m high on the front side

. :0.94 m long x 1.64 m wide x 0.568 m high on the back side
Effective tray area: 4.428 m” (for three trays)

Loading density: 11.66 kg/m”
Air outlet vent dimensions: 1.64 m x 0.1 m

Glass cover for drying chamber:
Thickness = 0.003 m

Tilt angle = 10°
Absorber glass cover dimensions: 1.249 m x 1.640 m

Biomass burner
Burner housing external dimensions: 2.17 m long x 1.68 m wide x 0.62 m high

Drum
Diameter = 0.60 m
Length=1.4m

Burner door =0.55 m x 0.54 m
Air inlet vent dimensions = 1.4 m x 0.09 m
Flue gas chimney

Total height =2.005 m
Diameter =0.12 m
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