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CHAPTER 1
INTRODUCTION

Drying involves the process of removing moisture from agricultural
crops and products for high quality nd safe storage. The process in-
cludes both heat and mass transfer. Drying is accomplished by solar
energy or other resources such as natural gas, propane, o0il and wood.

Uti®*zation of solar energy for drying is the process in which solar
radiation is converted to thermal energy.

Most driers in the U.S.A are run on fossil fuels. Whenever sclar
energy is utilized, it is in the form of supplemental heat. The main
reaoson for the low use of solar energy is that long term thermal storage
of solar energy has been impractical or inefficient. However in develop-
ing countries where fossil fuel is a rare commodity, solar energy holus
much greater potential.

Solar dryers can be classified into two caotegories, 1i.e. natural
convection dryers and forced convection dryers. Natural convection
dryers do not require any mechanical or electrical power to circulate
the air through the product. Natural or forced convecticn dryers can

also be classified into three categories, depending upon their heating
modes.

1. Direct solar dryers in which the product directly coilects
energy from the sun.

2. Indirect solar dryers in which the product is dried with warm
air heated separately by solar ailr heaters. The product to be
dried does not see the sun directly in this case. Figure 1.1
shows a simple solar dryer that is o combination of the direct
and the indirect types.

3. Industrial type dryers in which the system utilizes solar and
non-solar heating energy. These dryers usuclly gre of continuous
type and have large capocities. Figure 1.2 shows an industrial



type parallzl flow fruit dryer.

A greenhouse type of soclar drier can be set up as an indirect or a
direct drier depending on whether a layer of opague absorber is ploced
between the outer tronsparent glezing and the product, or not. Such a
dryer can be set up to work in the natural convection or the forced con-
vection mode. For drying purposes, the amount of solar energy collected
is an important criteiion. The geometric shape of the greenhouse deter-
mines the amount of energy collected at any location. It was estimated
that a geodasic dome performs better than other geometric shapes. Figure
1.3 shows the structure of g geodesic dome. A complete design procedure
for geodesic dome greenhouse is given in Chapter 3. A geodesic dome
type of solar fruit dryer wos designed and constructed. It is locat=sd at
the Enviromental iLaboratory at the N.C.A&T State University farm. In
this study experiments on drying grapes were conducted using these
facilities. Complete daota were recorded using a portable automatic data
acquisition system. The dota obtained was plotted and compdared with
theorytical simulaotion results.



CHAPTER 2
LITERATURE REVIEW

In direct solar dryers, the maoterial is placed in shallow layers on
trays inside a hot box and is directly exposed to solar radiction. A
dryer of +this type consists of an enclosure with a transparent cover
which produces a greenhouse environment inside the enclosure. These
dryers are sometimes called cabinet dryers. In this case one side of the
cabinet is glazed to admit solar radiotion. This radiation is then con-
verted to iow grade heat which heats up the air and the product inside
the cabinet. The solar heat couses the product moisture to evaporaote and
move away with the circulating air. Air circulation is produced
naturally by the temperature difference between the hot gir inside and
the cooler air outside. Drying 1is less 2»fficient in these units and
takes more time. The efficiency can be significantly improved by adding
a mechanical fan or blower to these units. The fan forces the warm agir
through the product and moves the mois* air out of the cabinet. Lowand
[1] reported on a cabinet dryer which had 1.3 sq.meter drying bed. This
dryer reduced the drying time of various fruits by 5g% to 65% over
open-air sun drying.

Usually, direct soler dryers are relatively small. They come in
many different designs and are extensively used by individual farmers or
families of farmers in developing countries. Large direct dryers for use
in commercial operaticn, should be built as greenhouse- type structures.
Some advantages of greenhouse dryers over cabinet dryers are their large
capacities and greater degree of ccntrol over the drying process.

Gutierrez [2] used a 18x12 foot glass house for drying fruits. He
used o forced-air configuraotion in which the greehhouse air enters under
the thermal absorber, travels to the back of the greenhouse and then
rises to the top. The duct at the *op brings the air down and forces it
through the fruit trays. This configuration provides a temperature rise
of 26-25 F cbove ambient. This drying facility can easily be scaled wup
to a commercial size operation according to Gutierrez. Another
greenhouse-type solar dryer was desiged and studied by Huang [3]. The
unit 1is made up of a 1large multidirectional solar collector with a
transparent cover at the outside and interchangeable inner chambers with
black absorbing bodies for drying and curing purposes. Two types of
drying configurations can be placed inside the greenhouse; (a) a per-
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foroted and rotating drum, used for drying grain and peanuts, and (b) a
bulk rack for curing tobacco. The bulk rack can be modified for drying
Truits. Curing tobocco in this facility provides quality tobacco with
47 to 54% fuel saving over the conventional bulk-barn curing.

In Indirect solar dryers, the fruit is not exposed to direck solar
rodiation. Most designs in this cctegory aore made up of a hot air solar
collection system and a drying chamber. The chamber is usuclly insulated
and contains a series of screened trays to support the drying fruits.
The hot air from the sclar collectors is fed into the drying chamber viag
an inlet port at the bottom of the chamber. The hot air ascends up the
chamber drying the fruits and exits from the exhaust port at the top of
the drying chamber. These dryers result in higher temperature than the
direct dryers (cabinet or open air sun drying). A discdvantage of these
dryer is that it is difficult to maintain o constant operating condition
within the drying chamber because of fluctuation in the temperature of
the air leaving the solar collector. The air is circuloted through the
system either by natural convection or by means of a mechanical blower.

In Industrial type dryers, the product can be dried by solar energy
as well as by fossil fuels. These dryers normually have large capacity,
run continuously and prov.de the shocrtest drying time. Some of the ear-
lier investigations on energy efficient dehydrators were performed by
Cruss and Christie [4]. They used a tunnel dryer which consisted of a
long rectangular structure. The carts containing the fruits would enter
from one end of the structure,moving at a constant speed, oand exit at
the other end. Heated air was used os a substitute for sun drying of
prunes in this experiment. In 1928, Christie and Nichols [5] studied the
effect of air temperature, humidity, fruit variety, pretrectment of the
fruit and gir speed on the drying time. Mark [6] showed that non-uniform
flow of air has significont effect on the fruits leaving the tunnel with
varioble moisture content. Most investigators agreed that relative
humidities of the exhaust aqir in counter current flow tunnels should be
in the range of 35%-40%.

Gentry [7] demonstroted that concurrent {parallel) flow operation of
a tunnel designed for traditional counter flow operation would sig-
nificantly decrease drying time. 'since then, many of the colder tunnels
have been converted to concurrent flow operation and new tunnels are
designed for this mode of opercotion. Robert [8] studied drying of prunes
in parallel flow operation and found 33% faster drying thaon countercur-
rent drying with less fuel consumption. Most of the earlier designs were



based on the Rodda and Gentry [9] work. Air flow uniformity was not in-
corporated os a design consideration, but some of the tunnels had turn-
ing vanes in the top airchomber of the dehydrator.

Cheng [1£] analyzed the effect of & suction slot located just above
the front <cars. The flow diverters were arranged such that the air is
directed upward, allowing the first set of wvanes to turn the flow 8¢ de-
grees while leaving encugh space to locate the lower set of vanes above
the pathwoy of the caors. Croh [11] suggested that increased recircula-
tion anduse of heut exchangers would reduce energy use. In 188¢, Car-
negie [12] analyzed the effectiveness of various heat exchanger systems
for recovering heat from exhaust air. Thompson [13] discussed the ther-
mal losses associated with tunnel dehydrateors and the methods to mini-
mize these losses. The main area of heat losses are exhoust air, burner
inefficiency and air leaks. Heat lost by conduction through the wall and
by hot fruits and trays leaving the tunnel is relatively small. A heact
shield was placed by Thompson behind the rear wall{burner) to stop con-
vective heat loss and also to absorb radiant heat from the heat from the
steel plate. Adams [14] conducted experiments on the performance of con-

current dehydrator maintcining more uniform flow using flow diverters
and turning vanes.

Thermal response of a solar drier can be analyzed by wusing the
analogy between electrical current flow and heat flow. This method,
called the Thermal Circuit Method hos been used by many investigators
(15-17; to study rates of heat flow through walls and roofs subjected to
unsteady atmospheric conditions. Buchberg (18) used this method as an
analeg computer technique to study the temperature-time response o©os a
structure the rate of heat transfer of the spoce in the structure. Jen-
sen ond Liebermcn (19) discussed the application of an Electricaol Cir-
cuit Analysis Program {ECAP) in the analysis of thermal systems. Huang
et. al. (2¢-23) used PCAP (Princeton Circuit Analysis Program), which is
o modified version of ECAP, +to study the dynamic system response of
ogriculturcl thermal systems. Later, Huang and E1 Sheik (24) used this
technique to study the thermal response of a OGreenhouse Solar Drying
System for dryng peanuts and grains. Results showed good agreement be-
tween the computer predictions and the measured thermal behaviour of the
solar drier. QOzisic and Huang (25} opplied the same technique to study
the heot and moss transfer in grain drying in a greenhopse solar drying
system using rotary drums in the greenhouse as solar collectors.



CHAPTER 3
Design and Fabrication of
Gecdesic Dome

3.1 Introduction

This chopter draws heavily on the material presented in references
[26]-{28]. Dome is a multifaced polyhedron in which all the vertices lie
on the surface of a sphere. Domes are developed from the tetrchedron and
the icosahedron. Most of the domes are derived from icosahedron. The
triangles of the icosahedron are subdivided into smaller triangles to
form a geodesic dome. The geodesic dome has produced a building techriol-
ogy which can be applied to many shapes.

Dome (frome type) constructicen integraotes the structure into «a
continuous surface and distributes the surface forces by triangulating

the convex curve. In addition tc being lijht weight, the dome structure
has the following advantoges.

1. The entire structure is in a state of compression.

2. Trianguler elements of the geodesic dome provides ldtercl
stability.

3.2 Moteriols for the dome frame
Possible materials for the dome frame are:

(6) Wood, Bamboo
{b) PVC Plastic pipe.
(¢) Aluminum.

(a) Wood 1is strong, relatively cheap, light weight and can be cut
out and assembled with hand tools. Wood can be cut easily at
any angle, and shape. To increase the life of wood a coat of
wood preservative such as creosote oil helps. An important ad
vantage of wood is that it is available in all parts of the

world. Bamboo may be a more appropriate choice in some develop
ing countries.



(b} PVC Plastic pipe is not strcong for a framework, because it
gets brittle and shows cracks after some time.

(¢} Aluminum is two or three times more expensive than other

materials. If lightiess and corrosion resistance are important,

it might be worth it.

(d) Electrical Conduit pipe with the ends crimped and drilled is
probably the cheapest and the simplest fraome in the U.S.A.

eye bolt can be used ot the hubs. Unavailability of electrical

conduit pipe in some countries is o drawback.

Design specifications

Figures 3.%1a to 3.1f explain the terminology used in the design and
construction of geodesic domes.

The following specifications were used for the design of o dome for
testing:

Diameter : 258 inches

Height : 117 inches

3/8 sphere, & frequconcy, icosahedron, Geodesic type
Standard values of chord factor(cf), axial angle(AA),
face angle(FA) ond dihedral angle{DA)

Figures 3.2 and 3.3 show the arrangement of members for a 3/8,

frequency , icosahedron geodesic dome. The length and angles of the mem-

bers for the gbove specification are calculated as shown below.
values are given in the tables 3.1 to 3.6.

Member-B

AA= 188 - CA [ 2

CA= 180 - (AA1 -AA2)

cf= 2(Sin CA/2)

L=¢cf . r

wWhere AA is axial angle
CA is central angle



(a) Geodesic

Fig: 3.1(a,b) Basic definitions of Geodesic Math.

(b) Icosahedron
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(0,0,0) Center of polyhedron.

(d)  Central Angle and Axial Angle

(e) Face Angle and Dihedral Angle

Fig: 3.1(c,d,e) Basic definations of Geodesic Math.
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Fig: 3.3 g~frequency faces of 3/8, 4-frequency Geodesic
cme. :
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b= ¢cf . r = (8.2952) . (13)=3.838"

Where L 1is the length of o member and r is the radius of the
sphere.,

Table 3.1 Calculoted values »f wood members.

Angle Nams Modes Anglc
degree .
AS g.0 1.8 1,1 (81.52)
FA 1,1 g.¢ 1,9 (71.33)
DA 1,1 1,9 (172.19)
Member-D
cf 2,1 2,9 g.312868
L=cf . r = (8.3128) . (13) = 4.¢6°

Table 3.2 Colculated values of wood members.

Angle Name Nodes Angle
degrees
AA g,8 2.9 2,1 (86.99)
FA 2,1 1,08 2,8 (63.66)
FA 2,1 3.1 2,9 (58.77)
DA 2.1 2.9 {1869.98)
Member-C
cf 3,1 3.8 §.29453

L=cf . r = (@.2945) . (13) = 3.28°
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Table 3.3 Calculaoted value of wood member.

Angle Name Nodes Angle
degrees
AA 8,0 3,0 (81.35)
FA 3,1 2.8 3,6 (57.53)
FA 3.1 4.1 3,0 (58.92)
DA 3,1 3.8 (169.861)
Member-t
cf 3,2 3,1 #.3249
L = cf ro= (8.3249) . (13) = 4.22°

Table 3.4 Calculated value of wood members.

Angle Name Nodes Angle
degrees

AA g.90 3,1 3,2 (e9.65)

FA 3,2 2,1 3.1 (59.99)

FA 3,2 4,2 3,1 (62.56)

ba 3,2 3,1 (169.64)

Member-A
cf L 4.8 #.25318

L=cf . r = (6.2531) . (13) = 3.38°

Table 3.5 Calculated value of wood members.

Angle Name Nodes Angle
degrees
AA g,8 4,9 4,1 (82.77)
FA 4,1 3,0 4,9 (54.33)-
DA 4,1 4,9 (169.49)

16



Member-F

cf 4,2 4.7 $.29858
L= cf . r = (£.2985).(13) = 3.86°

Table 3.6 Calculuted values of wood members.

Angle Name Nodes Angle
degrees R

AA G,9 4.4 4,2 (81.42)

FA 4,2 3,1 4.1 (58.79)

DA 4,2 4.1 (169.58)

3.4 Fabrication and Instalation

As shown in figure 3.4, the designed dome structure consists of ten
hexagons, five pentagons and a five corner top structure. Using the
dimensions of A,B,C,D,E and F as calculated above, required dimensions
for all the members of dome were specified. Details of the dimensions
are given in tebles 3.7 to 3.13 and figures 3.6 to 3.9. Type of members
and accessories used are shown in figure 3.5.

Teble 3.7 Data for the members of the pentagons (Figure 3.6)

Member Type Dimension Quantity
L3 L2 W t (For 5 Pentagons)
Al A 2" 3'-6" 1'-5" 1w 25

A2 B 2" 3’-1" 1'-5"  an 25



Table:3.8

Hu

A3
A4
AS
AB

Table:3.9

Member

Table 3.18

Member

b

B1
B2
B3

BS

Al
A3
AB
A7

Hub Sizes for five Pentagons

ype Dimensions Quantity
D t (For 5 Pentogons)
E e iRy 5
e} 1" q/2n 5
F g" 1/2" 117
E g"  1jan 15

Daota for Members of the Hexogons (Figure 3.7)
Type Dimension Quantity
L L2 W t (For 5 Hexagons)
A 2u 4!_29! 11_5« 11' 1¢
B 2u xr_gn 1'-9" 1" Sﬁ
B 2n 4!__6611 11_5" 1" 2ﬁ
B 2-: Li»’—ﬂs" 1:_5n 1 29
B 2" 3'-8" 1'-5" jn 23

Hub Sizes for the Hexagons (Figure 3.7)
Type Dimension Quantity
D t (For 5 Hexagons)
E Sn 1/2n 5
G i 1/2n 5
F &" 1/2" 16
E 5" 1/2!1 1g

18
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1/2" dia hole

Type.C

30 degrees

Type.A

Type. B

60 deg

" L1 0.5" holes
Fig: 3.5 a Shows different type of members.
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Fig: 3.5 b Shows different type of accessories.
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Fig: 3.6 Arrangement of wood members fnr pentagon
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0.5" Nut and Boit

Fig: 3.7 Arrangement of wood members for a
hexagon
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0.5" Nut andeBolt
AS

Fig: 3.8 Arrangement of wood members for a hexogon.



72 degrees

A3

A3

Fig: 3.9 Arrangement of wood members for top frame.
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Table 3.11 Doto for Members of the Hexagons(Figure 3.8)

Member Type Quantity
(For 5 Hexagons)

B1 A 8
B2 B 39
B3 B 18
B4 B 18
BS B 18

Table 3.312 Hub Sizes for the Hexageons (Figure 3.8)

Hub Quantity
Ak <]
A3 6
A7 12

Table: 3.13 Member sizes for top structure (Figure 3.9)
Member Type Quantity

A2 8 5

Figure 3.1¢ shows dimension of the members as given in the above tables.

3.6 Structure

Referring to figure 3.11 the structure consists of two circular strips
made up of hexagons pentagons and o top frone, which were assembled as
expiained below.

First Strip: Five pentogons ond five hexogons were assembled
glternately using nuts, bolts and hubs.

Second Strip: Five hexagons were attached to the top of the first strip.

Top Frame: Top of the hexagons from the second layer was joined with
the five corner top frame.

26
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Fig: 3.11 Shows two circular strips used in dome struture.
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Fig: 3.13 Shows outside frame and inside frame with
black plastic.
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CHAPTER &
INSTRUMENTATICON AND PROCEDURE

A Disk Data Acquisition System(DDAS) as shown in figure &4.1, was
used to oacquire temperature and relative humidity data ot various loca-
tions and under varying solar radiotion levels ot the experimental site.
The location of the sensors is shown in Figure 4.2. A wooden box was iri-
staolled outside the greenhouse for DDAS system equipment and
accessories. A PVC pipe was used to run the wires from DDAS to
greenhouse.

The DDAS syctem includes an IBM compatible portable computer with
512 K memory and one 3 1/2" disk drive,one sam 8.12.4 Data Aquisition
Module, RS-232 dato cable, Ni-Cad batteries, a charger, a powerline
filter, o surge suppressor and "dlogger. Bas" data logging software. The
Ni-Caod batteries that con run the system for a few hours when fully
charged. The system can also be run continuocusly with the charger
plugged into 118 Vac.

Fite sensors were wused for temperature and two for relative
humidity measurements. For humidity measurements "Two-Wire Humidity and
Tempercture Transmitters™ were used with following characterstic.

Measuring Ronge g - 188% RH

Accuracy at +2¢ C +2% to -2% RH(®- 986% RH)
+3% to -3% RH(90-180% RH)

Temperature Coefficient - §.84% RH [/ C

Sensor - HUMICAP 1638 HM

Velocity was measured by "DATA METRICS" 188 VT Air flow Meter.

PROCEDURE

Solar dryer was tested for drying grapes and the performance was
evaluated. The dryer is built out of 4 feet long(1.25"x 2.¢8") wooden
members. It is covered by o transparent tedlar plastic(outer shell) and
o black absorber (inner shell). These two shells creat an c¢ir space

7



about two feet wide. This dryer was tested for two different arrange-
ments with fan and without fan, as shown in figures 4.3a and 4.3b. 1In
the first case o fan was used to push the air into the space between two
shells and in tfie second cose natural convection was used for suction of
the outside oir, oand o ventilator was used at the exhaust to help in-
crease the airflow. Twd trays were filled with graopes. The rest of the
trays were covered with a plastic sheet so that all of the heated air
went up through the two trays. Fresh gropes were looded after sunset
time, and were weighed every morning (ot sun rise time) and every eve-
ning at sunset to check the weight loss due to evaporation of moisture.
Fan wos turned on during the day time only (For the first arrangement).
Five thermocouples were used to record temperature of the air at dif-
ferent locations as shown in figure 4.2. Relative Humidity of the air at
the inlet and the outlet and solar radiation were also recorded.

Velocity at the outlet{top of the dome) was measured and average
air velocity was colculated tc find the mass flow rate. From the
measurements of the relotive humidity, the temperatures and the qir
flow rate, increcse in the moisture content of the air between the inlet

and the exit was colculated by use of o computer program given in the
appendix.B
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4.1 Portable Data Acquisition System.

34




A Sensors on inside surface of outer shell

@ Location of sensors inside the black Plastic.
Temperature Sensors(1,2,3,4,5,6,7,8,10,12)
Relative Humidity sensors(9,13)

Fig: 4.2 Location of Sensors.
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A. Inlet Fan.
B. Exhaust Pipe.
C. Fruit Trays.

Fig: 4.3a Shows arrangement of Forced Air
Confiquration.

D. Exhaust Ventilator.
E. 16" Dia Flexible Duct.
F. Fruit Trays.

Y- T8 P T Yo 2P )

e

Fig: 4.3b Shows arrangement of Natural Air Flow
Configuration.

i
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Chapter 5
Thermal simulation of the solar fruit dryer

Temperature response of the solar dryer under unsteady outside
conditions can be studied by simulation using thermal-electrical
system analogies. Electrical systems are analogous to many other
systems including thermal, mechanical and hydraulic systems. Thermal
circuit principle and dynamic system analogies have been applied
very successfully to study the rate of heat flow through walls and
roof subjected to steady periodic variations 1in the weather
elements. The method is based on the fundamental similarity between
the flow of heat within a rigid body and that in a noninductive
electric circuit. The analysis is based directly on the identity of
the equation governing transient heat flow and the flow of
electricity in resistance capacitance circuit.

Princeton Circuit Analysis {(PCAP) which is a modified and
improved version of Electronic Circuit Analysis Program (ECAP} has
been used in this study to obtain the thermal response and the
inside air temperature of the solar fruit dryer. The whole model is
considered as a solid mass with the temperature changing with time
and location as a result of heat exchange with the surrounding.

All lumped properties (k,b,Cp,p) are considered to be constant

over the temperature range encountered and the space temperature
is considered uniform at any instant. In order to simplify the
steady-state heat transfer analysis for solar heating of the
air,heat capacity of the structure elements and conductive heat
losses through the floor to the ground are neglected. In drawing
the thermal circuit for the scolar dryer, the system components are
idealized and represented by circuit elements. The thermal circuit
representing the solar dryer 1is shown in figure 5.1. The heat
transfer system represented by the circuilt is composed of discrete
elements or lumps. Table 5.1 shows the analogies in theraml and
electrical systems

Table 5.1. Comparision of Thermal and Electrical Systems

Thermal System Electrical System
Temperature, T Voltage

Heat flow, Q Current

Thermal capacity, C Capacitance
Thermal conductivity, k Conductance
Thermal resistance Resistance

Q7



Analogous variables of different physical systems can be
interrelated guantitatively. Inter conversion of corresponding
thermal and electrical quantities can be obtained by defining a
scale factor as:

Magnitude of quantity unit in electrical circuit
Scale Factor =

Magnitude of quantity unit in thermal circuit

The Scale factors used to convert the thermal units into the
corresponding electrical units are tabulated in table 5.2.

Table ©5.2. Scale Factors for Thermal and Electrical Units

Quantity Thermal System Electrical System Scale factor
Potential Temperature (O K} Voltage{volt) 1
. . . Y
Energy flow Heat flow (W) Current (amp) 1.27 % 10
8
Resistance OTherma} resistance Resistance 8 x 10
(TK/W) (ohm)
=7
Capacity TherEaE Capacity Capacitance 1.25 x 10
(J/7K) (farad)

The circuit element in figure 5.1 consists of basically three parts:

1. Parallel lumped R-C networks representing thermal conduction
path through the structur=al elements.

2. A resistance network representing radiation exchange between
all interior surfaces.

3. Temperature sources connected through appropriate thermal
resistance to the network and heat source at various points

in the network representing boundary conditions.

The calculation procedures in the analysis are summarized and
illustrated by the following steps:

Thermal capacitance:

Thermal capacitance is calculated from the following relation

_ 0 (5.1)
C=Cpo V (J/°c)

(5.2)

()
I

C,x 1.25 x 1077 (farad)



Thermal convection coefficient:

Convection coefficient is defined by 1/h A, where h is obtained
considering the wind velocity.

Qutside convective coefficient
1

Rbo = ———— X 8 X 106 {(ohm} (5.3)
h A
co
Incide convective coefficient
1
R, =——— x8x 10° (ohm) (5.4)
h A
1l

Radiation exchange network accounting for direct radiation of the
collector and the radiation between surfaces within the solar
collector was calculated using the relation:

1 -¢

R = — x 8 x 10°  (ohm) (5.5)
ri 3

4 Aes T
av

The value of surface emissivity used in the C%%fU1aEfEFS was 0.895
and the Stefan-Boltzman constant was 5.5638 x 10 J/K'm s. A direct
radiation resistance and equivalent electric resistances between the
internal members were calculated using fcllowing relation:

1 6 .
R = x 8 x 10 {ohm) (5.8)

Calculated values of the resistances and the capacitances are shown
in table 5.3.

Table 5.3. Calculated Values of Resistances and Capacitances

R = 0.85 ohm R = 1.253 x 10% ohm
b=

R = ..... ohm (R .} = 776.87 ohm

g ri’s

R , = 23099. 39 ohm (R .}, = 1185 ohm
sh ri‘h

R = 40887.84 ohm (R ,) = 2087.267 ohm
sg 5 ri g

R = 1.14 x 10 ohm C = 10.29 farad
g -3 a -3

C, = 1.88 x 10 farad ¢, = 3.85 x 10 = farad

cg = 1.7991 x 1072 farad

W



The solar heat input (Q) absorbed by various surfaces ( absorber and
ground) was calculated wusing coefficient of transparency as 0.75
and absorptivity of the black sheet as 0.85.

Current I = Q X 1.25 x 18_7 (ampere) (5.7)

Figure 5.2 shows the measured air temperature and the computed air
temperature inside the solar house. Coefficient of heat transfer
was estimated {ref) considering the air leakage of the air
leaving the exhaust pipe. During our experiments flow rate of the
air before entering the tray was measured and compared with
the capacity of the fan to incorporate the air leakage in
calculating convective heat transfer coefficient. Two curves are
in very gcod agrement with each other. By computing the air
temperature we can design and calculate the efficiency of the
solar fruit dryer.

Nomenclature {Used in this chapter):

Symbois Subscripts
2 .

A = area (m )} a = air
C = thermal capacitance (J/O C}O ci = inside convection
C = specific heal (Kj/Kg™ C) co = outside convection
V = volume {m™~ ) g = ground
h = coefficient of convective h = black absorber sheet

heat transfer {(Kj/m hr~ k) ri = radiation resistance
I = current {ampere) s = transparent sheet
K = thermal conductivity (Kj/hr m® K) t = thermal unit
Q = heat flow {Kj/hr)
R = resistance
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CHAPTER 6
RESULTS

This section describes the results of the experiments conducted to
find out the performance of the solor dryer. First, three sets of data
were recorded with the fan turned on, as shown in figure &4.3.a then the
set up was chaonged as shown in figure 4.3.b.

Experiment No:1

Table 6.1 Shows the weight data for 15 days including 4 clioudy days,

that shows the amount of moisture removed from the grapes during this
period.

Complete data for the inside and outside ambient temperatures,
and the moisture loss from the granes was recorded every 12 hours and
plotted with respect to time as shown in figures 6.1 and 6.2.

TABLE 6.1 Measured Weight of Grapes for the Forced Air Configuration

Date Time wt(kg) % Moisture Remarks
Reduction

B1-27-89 4:58 pm 7.82 Sunny

$1-28-89 7:88 am 7.55 3.45 Sunny
6:98 pm 7.2 8.¢8

$1-29-89 7:65 am 7.1 9.46 Sunny
6:15 pm 6.9 12.27

$1-38-89 7:1¢2 am 6.7 15.186 Sunny
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Table 6.1 (cont’'d)

$1-30-89 3:05 pm 8.5 18.14

$1-31-89 7:15 am 6.45 18.91 Sunny
5:30 pm 6.21 22.63

$2-61-89 7:18 am 6.1 24.43 Sunny
5:60 pm 5.85 28.53

$2-02-89 7:15 am 5.75 3¢.23 sunny B
5:98 pm 5.58 34.57

g2-¢3-89 7:28 om 5.35 37.37 Sunny
5:15 pm 5.12 41.87

g2-24-89 1:3¢ pm* 5.00 43.97 Cloudy

g2-¢6-89 9:380 am* 4.75 48.97 Cloudy

@2-¢7-89 6:30 pm 4.68 52.12 Cloudy

$2-08-89 2:35 pm 4.49 54 .52 Sunny

$2-99-83 5:38 pm 4.30 58.57 Sunny

$2-16-89 4:30 pm 4.1% 63.4 Sunny

* Rain Period
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Experiment No: 2

In this experiment gropes were loaded for fourteen days, in which
three days were cloudy and rest of the days were sunny. Table 6.2 and
figures 6.3 to 6.5 give the results of the experiment.

Table: 6.2 Measured Weight of Grapes for the Forced Air Configuration.

Date Time wWit{kg) 4 Moisture Remarks
Reduction

#3-29-89 6:80 pm 6.95

$3-30-89 7:38 am 6.6 5.00 Cloudy
6:15 pm 6.5 6.51

£3-31-89 7:45 am 6.4 8.¢2 Sunny
5:58 pm 6.1 12.7

gu-91-89 8:88 am 6.9 14 .34 Sunny
6:86 pm 5.7 19.34

P4-g2-89 7:9¢ am 5.6 21.05 Sunny
6:00 pm 5.3 26.39

$6-¢3-89 18:38 om 5.2 28.27 Sunny
5.45 pm 4 .95 33.97

P4-24-8%* 9:20 am .85 35.¢9 Sunny
5:45 pm 4.6 49 .27

g4-95-89* 9:15 am 4.1 51.1 Sunny
7:30 pm 3.85 54.75

#4-71-89 9:45 am 3.85 57.28 Sunny
7:38 pm 3.65 62.47

f4-12-89 8:38 am 3.6 63.83 Sunny
7:38 pm 3.4 69.38

g4-13-89 8:30 am 3.35 78.85 Sunny
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g4-13-89 8:30 am 5.35 78.85 Sunny

7:38 pm 3.15 76.8 * Rain Period
Experiment No.3

Dcota for one doy was recorded and analyzed in this experiment.
Moisture removed was calculated by two different methods and compored
with theoretical simulotion results.

In the first method gropes were weighed at sunrise and sunset
times, Table 6.3 gives the difference in the weight. In the second
method moisture removed was found by humidity and temperature
cclculations. Table 6.4 shows all the calculations to find the mass flow
rate of the moist air.

Volume flow raote and mass flow rate were calculated using the fol-
lowing formulas and the procedure:

m = Q.{A-B) (6.1)

A = Wo/Vo {6.2)

B = Wi/Vi (6.3)
where

m is the mass flow rate of agir.

Q is the volumetric flow rate of air

W is the humidity ratio.

V is the specific volume.

Subcript "o" stands for the outgoing
and "i" stands for the incoming oir in the dryer.

Humidity Rotio and specific volume are found from a psychometric
chart, using the temperature ond the relative humidity for each hour.
Volume flow rote Q is calculoted from the average velocity at the ex-
haust pipe, which in turn is calculoted from the velocity measurements
at different points at the exhaust.

Table 6.3 Measured Weight of Grapes for the Forced Air Cunfiguration.

Date Time Weight Decrease in Remarks
{Kg) weight (Kg)
#6-3¢6-89 8:08 am 6.9
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4:80 pm 6.1 g.8 sunny

Table 6.4 Data for Rate of Moisture Removed Based on the Air
Temperature and Humidity Measurements ( Forced Air
Configuration, Q=154.64 CFM)

Time v W A=Wo/Vo B=Wi/Vi mx60d
cu.ft/Ibm Ibm/Ibd Ibm/cu ft Ibm/cu ft Ib/hr

g8:69 © 13.57 @.81¢6 8.0997811

I 13.44 @.¢g1¢8¢ 0.0280744 #.343
g9:68 0O 13.65 @.81¢84 ¢.0888759

I 13.69 ©.8899 0.0008727 g.295
18:86 O 13.92 @.£¢35 g.0080682

I 13.72 ¢.¢£85 g.000619 g.588
11:84 © 14.17 ©.¢897 ¢.988684

I 13.88 @.¢885 9.00¢615 2.636
12:6¢ 0 14.39 ¢.81¢8 0.008758

I 113.83 ¢.€184 ¢.808746 g.841
13:69 0 14.59 @.8125 ¢.0808858

I 13.85 @.8111 g.008785 g.564
14:8¢ 0 14.78 0.8148 g.8808952

I 14.61 B.6123 g.2808878 g.873
15: 88 0 14.85 @$.86135 g.908921

I 14.817 $.8124 9.908885 6.337
16:6¢ 0 14.70 @.8135 g.02808818

I 14.95 $.8125 g.028888 #.266



Moisture removed was also found theoretically, wusing the follow-
ing relations [29]:

1/n
M{e)=[1-rh/c.T] (6.4)

where rh = equilibrium relotive humidity
M(e)= equilibrium moisture content, dry basis
T = temperature, degrees R

c.n = constants
-5
= 7.13 x 18
n = 1.82
{ m(t)-m{e) } 7/ M(0)-M(e) =A e (6.5)

Where M(t)= moisture content,dry basis,after time t.

mM{(0)= moisture content,dry basis, at time t=§,
A = 8/P1 =£.811
K = Dv. {(Pi/2a) {(6.8)

Dv = Mass Diffusivity= 5.41 x 18 sqgq m/ hour
a = Half thickness

Figures 6.6 and 6.7 show variotion of relotive humidity, Temperature
between the inlet and the outlet. Figure 6.8 shows comparison between
theoreticol results and the experimental results. The deviation between
the theoreticnl and the experimentaol results is explained later in this
chapter.

Experiment No.&

In this experiment we changed the arrangement of the solar dryer,
gs shown 1in figure 4.3.b. In this arrangement the air flow occured by
naturcl convection. Table 6.5 and figures 6.9 to 6.17 give the result of

such arrangement.
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TABLE 6.5 Measured Weight of Grapes for the Naturcl Air Flow

Conf?
Date Time wt{kg) % Moisture Remorks
Reduction

$4-29-89 7:45 am 7.4

7:39 pm 6.9 6.75 Sunny
g4-39-89 7:3¢ am 6.8 7.89

7:45 pm 6.4 13.77 Sunny
g5-¢1-89 7:2% am 6.3 15.33

6:45 pm 5.3 21.23 Sunny
#5-¢2-89 8:88 am 5.8 22 .95

7:38 pm 5.4 29.83 Sunny
g5-g3~-89 8:15 am 5.3 31.68

7:00 pm 5.9 37.34 Sunny
g5-94-89 8:¢04 am 4.9 39. 34

7:38 pm 4.7 43 .42 Ty
#5-66-83 7:45 am 4.5 47 .67

8:94 pm 4.3 52.11 Cloudy
¢5-87-89 7:30 am 4.2 54.34

6:58 pm 4.9 62.1 Sunny
g5-¢8-89 8:30 am 3.9 64.6

8:40 pm 3.7 69.72 Sunny
#5-¢9-89 7:45 am 3.65 71.87

6:55 pm 3.409 Sunny
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Experiment No.5

Data for one day were recorded and analyzed in this experiment with
the same arrongement as in Experiment No &. Moisture removed was calcu-
lated by two different methods as discussed earlier and compared with
the theoreticol simulcotion results.

Table 6.6 and 6.7 show the data and calculations for both methods
respectively and figures 6.12 and 6.13 show the variction of the tem-

perature and the relaotive humidity for each hour, obtained from
theoretical calculations.

Fig 6.14 shows a comparison of the experimentolly measured moisture
loss with the theoretical simulation results.

TABLE: ©6.6. Measured Weight of Grapes for the Natural Air Flow
Configuration.

DATE TIME WEIGHT DECREASE in Remarks
wWeight (Kg)
¢6-083-89 7:96 am 8.89
7:38 pm 7.8 1.81 Sunny

TABLE: 6.7 Rate of Moisture Removed Based on the Air Temperature and
Humidity Measurements { Natural Air Flow Configuration )

Time v W A=Wo/Vo B=Wi/Vi m
cu.fv, .. Ib/Ib Ib/cu Tt Ib/cu ft Ib/hr
-4
§7:69 I 13.7¢ g.613¢9 9.46x19 -4
0 13.59 g.g128 9.41%x10 g.938
-4
98:88 0O 13.74 g.2136 2.8x19 -4
I 13.861 g.8116 8.52x10 g.98¢
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REMARKS ON DIFFERENCE BETWEEN THEORETICAL AND EXPERIMENTAL RESULTS:

Refering to figures 6.8 and 6.14, it is seen thot there cre 1large
differences between the curves A and C. Curve C represents the moisture
loss calculated from the temperature, the humidity and the flow measure-
ments of the air. The following may explain the reasons for the error in
the curve C.

1. The air may have picked moisture from the ground. It wos also
observed thot the structural wood absorbed the moisture during
the night time which was removed by the oir during the daytime.

2. Error in the instruments during recording of data.

To find out the extent of the instrumentation error, onother set of
dota were recorded in which tempercture and humidity sensors were put
just obove and below the tray. Figure 6.15 shows the comparision. Both
the curves are fairly close. It means thaot most of the difference in the
curves A & C can be accounted for by moisture in the exit cir from
sources other than the grapes.

The difference between curves A and B con be explained as follows:

1. The drying equations are based on a thin-layer drying concept.
The thin layer dries uniformly and at the stote conditions
defined by figure 6.16. No gradients of properties through the
layer are assumed. This does not hold, however, for a finite

mass depth.

2. The air temperature, relative humidity ond specific volume
change as the air moves through the finite mass. The change in
the staote of the air caouses a progressive change in the drying
rate because the temperature change affects the diffusivity, the
relative humidity offects the equilibrium moisture content, M(e)
and the change in specific volume affects the mass flow rate.

3. Equations are bosed on a uniform nclf thickness "a" of grapes.
However, in our case the depth of grapes was not uniform.



Fig: 6.16 The air state change b to d for a drying
process.
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CHAPTER 7
CONCLUSIONS

Geodesic dome type structure can be easily built with wood or

bambco, in short time, ond is economicol because wood is cheap and
avcilaoble in most parts of the world.

Tests showed that a geodesic solar dryer requires 7-8 sunny do, s
to dry grapes. Results between the two experiments showed that a Natural
Air Configuration with a ventilator is a better choice than a Forced Air
Configuration. Tables 6.2 and 6.5 show thot the moisture removed is al-
mcst the same and it is convenient for the developing countries where
electricity is not available in some parts.

Data from the tables indicates that the ground moisture hags sig-
nificant effect on the drying process. For efficient drying, the mois-
ture release from the ground should be minimized by covering the ground.
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