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ABSTRACT:

The present work presents the construction and testing of a
new design and performance characteristics of a multi-rack
natural convection solar dryer for various types of crops. The
dryer consists of a frustrum of pyramid shaped solar collector .
coupled directly with drying chamber in which drying trays are
stacked one after the other at various levels in the dryer. The
sloped plastic collector heats the air which passes by natural
convection through' the drying chamber where it removes water
from the fresh crop. The cooled moist air then escapes to the
open top of the drying chamber by the upward convection draught
generated by the collector.

Two types of drying modes were used: (1) natural air
circulation mode, and (2) open sun air-drying mode. The first
one takes into account the treatment of each tray level
individually and the dryer is treated as a whole unit. The
results of experiments on grapes samples with different drying
rate periods are 'presented._ The ©paper also gives the
mathematical ~ equations  that describe the  performance
characteristics of each trayvlével, the solar dryer and the
open sun air-drying mode. It was found that the solar drying
rates of grapes were faster and higher for trays nearer to the .
collector as compared with the open sun air-drying, while that
in the middle levels of the drying chamber have shown poor
drying characteristics. However, the tray level located at the
topmost part of the chamber gave moderate drying rates. ’

' INTRODUCTION:

Solar energy utilization for drying of various agricultural
products like fruits, vegetables and crops has been practiced
in different parts of the world. Most of these dried products
are  obtained by continuously exposing it . to direct
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open-sunshine without any technical aids [1!. The introduction
of solar crop dryers seems. to be an effective way to reduce
crop losses and improve the quality of the dried product
significantly compared to traditional drying methods [2]. There
are basically two types of solar dryers; (1) ‘a passive or
natural system which operates -only -on . solar energy alone
without supplementary power source, and (2) an active or forced
system which requires some supplementary power to circulate the
air within the dryer unit [3, 4]. Solar dryers could be further
classified as direct, indirect and mixed types [4, 5]. The
direct type involves directly exposing the material to the sun
while in the indirect type the material is dried by circulating
hot air over it without directly exposing the material to sun
rays. In mixed dryers, the product is dried by both direct
radiation and hot flowing air. Solar drying systems also can be
classified mainly on the basis of the mode of heat transfer
employed, i.e. radiation or forced convection, free convection
is present in both cases [6]. On the other hand, the dryer
performance can be evaluated based on the method of treating
the products 1inside the drying chamber, 1 .e.; either by
treating the drying chamber as a whole unit with loading all
trays [7] or by treating a single tray located at the center of
the drying chamber [8, 9]. The merits of any solar dryer would
depend upon the type and the quantity of product to be dried,
the radiation level and the dryer treating method.

The efforts in studies on utilization of solar energy for
drying different products were directed into {two directions:
improving the drying rate by understanding various parameters
controlling it, and determining the relative advantages of the
two modes of sun-drying and solar drying [10]. Wilson [11] and
Szulmayer [12] had studied the effect of direect radiation and
other parameters such as the influence of air temperature and
humidity on the drying rate of sun-dried grapes. Their studies
also were carried out on two different designs of solar dryers.
In both cases, Wilson [11] had observed that the temperature of
the untreated grapes exposed directly to solar radiation was
6-8 °C above the ambient temperature, while the corresponding
temperature difference of treated grapes was only 4 °C. These
studies have helped in establishing the superiority of
sun-drying of grapes over solar drying. It was concluded that
drying by hot air is equally good. and the drying rate was
almost equal for the two modes of drying. Simulation models and
useful empirical relations are needed in the development of
dryer designs and in the operation of drying systems. Zaman and
Bala [8] presented thin layer drying rate equations for solar
drying of rough rice for a mixed-mode dryer, a box-type dryer
and an open floor drying system. Diamante and Munro [9] derived
four mathematical models based on the diffusion type-equations
to describe the solar drying of sweet potato slices. Several
researches have developed design- principals for natural air
flow solar'drying systems based on the chimney effect and using
either psychrometry or thin layer drying equations for an
exposed layer to develop the design [13-15]. Steinfeld and
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Segal [16] have developed a simulation model for thin layer
drying based on convection heat and mass transfer equations.
Akyurt and . Selcuk [17] reported the use of an exponential
equation in flttlng their solar drying data from a mixed mode

dryer.

Some crops-=such as grapes, apricot and sweet potatoes need
to be protected from direct solar radiation to avoid
undesirable discoloration in the resulting product. These crops
should therefore be dried in indirect solar dryers [9, 11, 18,
19}. Most of the solar drying studies have been achieved in
indirect mode dryers with a single treatment mode. The main
objective of the present work is: (1) to study the variations of
drying air temperature at different locations inside the drying
chamber using a new solar dryer, (2) to determine the drying
characteristics of grapes taking into account both dryer
treatment modes, and (3) to choose the best model that
describes the grapes drying process under typical climatic
Egyptian conditions. In addition, a comparative study of solar
drying and open sun-drying modes was carried out. The empirical
constants in Lewis, Fick, Page, Modified Page and Hale’s models
were found using the present experlmental data and the results
were compared with each other '

2. MATERIALS AND METHODS:

2.1 Solar dryer:

A passive plastic solar dryer was tested in the present
experiments. Only readily available local materials were used
in construction of the  dryer. No electrical input was used
which made it more applicable in the process of drying for
different products. The designed, constructed and experimentally
tested unit is shown in Fig. 1. The unit consisted of two main
parts: a solar collector and a drying chamber. The solar,
collector was in the shape of a frustrum of a pyramid whose
smallest  area was connected directly with the base of the
drying chamber. The bottom base of the solar collector
dimension is 2.2x2.2 m. Galvanized iron sheets, black panted,
were used -to absorb the incident solar energy. A total of 42
iron sheets 2 mm thlck 5 cm-wide and tilted at an angle of 30°
from the horizontal were uniformly distributed, 2.5 cm apart,
over the entire board. The construction of the absorbed surface
using this method increases the surface area, air-flow
turbulence and directs the incoming E}ow into a longer -path.
The total area of the plate was 9.24 m". The drying chamber was
constructed” of -5 min thick aluminum sheets and has a square.
cross section with dimensions of 50x50 cm. A single transparent
plastic cover was used for the framed collector and the drying

chamber constructions.

Eight horizontal drying traYs were arranged 1in one. column
of eight rows, one after the other. Each tray, Fig. 1, has a
height of 4 cm and measures 5x5 cm. The drying trays were made

- 25 -



absorbing plates

solar -radiation

air outlet )
v . ~_t::><://<P‘ air flow passages
3 <l
tray no. —_ :
- <P/ | {— This
<
region ng.3 __ §;:>T_ | __. This
—1]
' 1|}~ This
drying chamber N - | 11
—\ ~1 =11| -~ Thi3
tray no.2 ] il
3 - Thi2
Yegion no.2 \ g
\ = =
111 — Thio
tray ng.l1 ) I
region ng.1 | L—2A §;,/-— Tho
- = ’* HEE
solar collector — 3 % "1 _—~ Ths
///
o« KLE
’/,//// absorbing plates

Thi

\<T,»—,

air inlet

ambient air

Fig. 1: Schematic diagram of the tested solar dryer.

Thl to Thlé are thermocouples positions.

Dim. in cm.



-of an aluminum frame allover the four sides and a wire mesh in
the bottom to hold the samples. The trays were inserted and
yemoved from- their respective sides through small slits
.- provided- for this purpose. After the tray was put into its
position, the slits were closed.  The air enters through the
absorbing surfaces in the base of the collector, heated
initially by radiation from the surfaces lower parts, rises
through the collector, enters the drying chamber and escapes
from its open .top by the upward convection draught. The
advantages of this type of dryer over the conventional types
are low cost, simplicity of construction, ease of handling and

maintenance.

2.2 Solar drying experiments:'

The solar drying experiments were carried out during the
period of July 1995 at Shebin El1-Kom, Egypt. Shebin El-Kom is
at a latitude of 30.5° N. The range of climatic conditions
during this period are: an ambient air. temperature of 28-35 °c
and 44-70 % relative. humidity during the day . The insolation
rate is  about 320 w/m” per day. The' grapes used in these
experiments were obtained from a public market and were cleaned
from dirts, green stems and destroyed pieces. The samples were
spread on a drying trays which was then placed on the different
levels of the drying chamber. A total of three trays were
chosen to perform the drying process. One was loaded at the
first -level of the drying chamber near to'the:collector (tray
number 1). The second tray was loaded at the fourth level in
the middle of the drying chamber (tray number 2). The third was
loaded at the eighth level in the top of the chamber (tray -
number 3). Another sample of grapes were put in open air and
exposed directly to sun rays. The samples in each tray and that
in the open air were about 6.5 mm thick. Each test run started
at 9:00 A. M. and continued until 7:00.P. M. For each test,
four samples of an initial weight of 500, 501, 661, 430 gm were
placed on the first, second, third trays in the drying chamber
and in the open air respectively. The average loading density
is 2.28 kg/m". The samples were distributed in the form-of a
thin layer to receive the same required amount of solar energy.

During each test the weights of trays’ were weighted
periodically wusing ‘an electronic balance of 0.001 gm
sensitivity by removing them from the unit for approximately. ..
20-30 seconds. The ambient dry bulb temperatures and .
temperatures inside the dryer : were' measured * by copper -
constantan thermocouples connected to digital thermometer with
an accuracy of 0.1 °C. The drying chamber temperatures were
measured at 9 different positions and the thermocouples were
suspended horizontally in the center of the chamber directly .
above each drying tray as shown in Fig 1. The ambient wet bulb
temperatures were~measup¢% by a mercury in glass thermometer -
with an accuracy of + 0.5 C. Collector inlet temperatures were

measured at 6 different positions mounted at the entrance of =

the absorbing plates and the average value was considered.
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Using the recorded values of initial weight Wo, weight of
humid material at time (t) wt, weight of dry material at the
end of the,tesf Wd, the values.of initial moiéture content Mo,
“ moisture content'M,‘ar§ingfrate dM/dt,and moisture ratio MR
could be determined. The moisture content at any drying time
based on a percent dry basis was calculated using the following

relationship [8]:
M = (W, /W )(1-Mo)-1 (1)
t o

The variation in moisture content with time is given by:

AM/At= —(Mn+1—Mn)/(tn+1 —tn) (2)

where [tn —tn] is the time interval.

+1
The corresponding drying rate was calculated as follows:
dM/dt= - AM/A At (3)

where A is the heat'and«hééé ff&nsfer area.

2.3 Mathematical modeling of solar drying curves:

The solar drying curves were fitted with five different
models applicable to higroscopic products [9, 15, 20] according
to two different modes:

1. By treating the experimental data of each tray individually,
then the drying characteristic and the empirical equation
for a given tray can be obtained.

2. By treating the experimental data of all trays, then a
general drying characteristic and an empirical equation for
grapes using the dryer can be obtained. This will be

expressed as a unit solar drying.

In addition, the sun-drying curves were fitted with the
same models and a comparative study was presented, However, the
moisture ratio MR was simplified to M/Mo instead of the term
(M-Me)/(Mo-Me) used by [21]. There are four reasons for this
simplification: '

1. Accurate Me data are not available for grapes at different
drying chamber temperature levels.

2. In solar drying the relative humidity of the drying air
continuously fluctuated so that at least a mean value Me
‘could be calculated.

3. The results obtained by Hale [20] showed that the value of
Me has a relatively small effect on the values of the drying
coefficients of the used exponential function.

4. Approximate calculations carried out by Diamante and Munro
[9] 1indicated that Me was 1less than 2 % at high
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temperatures. Therefore, the error involved in the
simplification was very small.

The different mathematical models derived in the present
work are shown in Table 1. A computer program was used to carry
ogt the regression analysis. The coefficient of determination
r~ was the primary criterion for selecting the best equation to
describe the solar and sun-drying curves of grapes.

Table 1: Different mathematical models for fitting
solar drying curves.

Mddel Name of model Mathematical Equation
Number| - : ' model number
1 Lewis’s model, LM =a exp (-bt) (4)
Exponential eq. Ln MR =Ln a - (bt)

2 - |Fick’s diffusion| MR=a exp (- —ct/w? ) o < (5)
model, (FDM). “Ln MR =Ln a - (ct/w™) .

3 . |Page’s model, _MR= exp (-zt™) 1. (6)

- (PM). : Ln [-Ln MR] =ln z + nln t

4 Modified Page’s |MR= exp(- k[t/w ™) (7)
model, (MPM). Ln[-Ln MR]=Ln k+n Ln (t/w )

5 |Hale’s model, MR=EXP(—b[—Loge(1—m)]mt) (8)
(HM) Loge[—Loge MR—Loget#Loge B

+m Loge [—Loge(l—MR)]

3. RESULTS AND DISCUSSION:

3.1 Drying chamber temperature variations:

Few investigators studied the variations of air temperature
inside the drying chamber at different tray levels. In the case
of no-load, Sandhu et al [7] pointed out the gradual increase
of air temperature with the rise of tray level for inclined
multi-rack. natural convection dryer. For the case of loaded
trays, drying chamber temperature variations are missed in the
available literatures.

Figure 2 illustrates the variations of ambient air
temperature (Ta), collector inlet and exit temperatures (Tci
and Tco) as well as temperatures of air leaving tray levels
number 1, 2, and 3 (T1, T2 and T3) with drying time. In Fig. 3,
the variations of air temperature at different locations x/L
inside the- dryer are presented. From these figures, it can be
seen that all parameters; Ta, Tci, Tco, T1, T2 and T3 1ncrease
with the drying time approaching a maximum value of 38-47 °C at
about 14:00 O’Clock. They then start to decrease towards sunset
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time. Considerable improvement in collector inlet and outlet
air temperatures with respect to the ambient air temperature
can also be observed. The drop in air temperature between the
inlet and outlet of the drying chamber was remarkable during
the first day. On-the second day, the drop in air temperature
continued from 9:30 to 13:45 O’Clock A. M. where.the percentage
reduction in temperature ranged from 1.2 to 10.6 %. The drying
air passing through the drying chamber absorbs the incident
solar radiation and causes an increase of about 5.6 to 19.4 %
in air temperature and resulted in a corresponding increase in
drying rate of the third tray level. The results indicate that
the percentage increase in dryer air temperature relative to
ambient air temperature on the first, second and third days
ranged from 2.7 to 30 %, 7.0 to 31.2 % and from 8.1 to 24.8 %,
respectively. On the other hand, the percentage improvement in
the collector air temperature relative to the ambient air
temperature on the first, second and third days ranged from 5.8
to 31.5 %, 2.6 to 25.9 % and from 5.4 to 20.9 %, respectively.

For the first tray level, there is no change between the
inlet and outlet drying air temperature during the first 1.5
hours over the drying period. After this period until the final
stages of drying, the temperature of air leaving the first tray
decreases compared with at ‘the entrance temperature except for
the period between 14:45 and-19:00 0’Clock P. M. on the second
day. The increase of drying air temperature in the latter
period could be attributed to. (1): the moisture evaporation
takes place at a slower rate from inside the product to the
surface layer because of the completion of the removal of the
product surface moisture and thus the surface has been dried,
and (2): the additional drying potential of the air through the
chamber cover. The decrease of grapes_drying rate during this
period was from 0.0155 to 0.0028 (kg/mzrhr), as seen in Fig. 4.
The increase of drying air temperature was also observed for
tray level number 2 at the same period, whereas the increase is
earlier than that by about 3.25 hours for tray level number 3
and extended to the end of the drying process. The percentage
reduction in drying chamber temperature between tray level
number 1 ranged from 3.0 to "17.0 %. The percentage reduction
(Rt) and. improvement (It) in drying chamber temperature and the
corresponding drying time (t) for each tray and in the region
between trays are presented in Table 2.

The drying air leaving the first tray is influenced by the
removal of moisture that has been extracted from the product.
This air absorbs the incident solar radiation through the
chamber cover (region 1) and causes an increase in Iits
temperature. The air temperature in this region well depends on
the amounts of both the absorbed energy and the evaporated
moisture. The drying air temperature leaving the drying chamber
is also affected by the removal of moisture from the product
loaded in the three trays. The absorbed solar radiation and the
fact that "the surface of the third tray is directly exposed to



Table 2: The percentage reduction and improvement in drying
' chamber temperature. :

Tray level and . ’ s
region First day | Second day! Third day
Rt, % 0.0-17.0 0.0-7.0 0.0-6.3
t, hr [09.00-18.45]09.30-13.45/09.00-17.00
Tray No. 1
It, 4| ———————- 5.4-10.5 | —~—————=—
t, hr | ———=—m—mv 14.45-19.00} ~————--—-
1Rt, % 0.0-6.3 0.0-4.1 | ———————-.
t, hr {09.00-10.00|09.30~19.00( —-=—————-~
Region ,
No. 1 It, % 2.8-13.6 | ~———=———— 2.7-7.8
t, hr {10.30-18.45( --—-———=~= 09.00-17.00
Rt, #% 3.2-15.0 0.0-3.3 2.4-3.1
. t, hr {12.30-18.45/09.30~-13.45{10.30-17.00
Tray No. 2 e
It, % 4.3-6.7 2.6-4.2 2.9-2.1
t, hr [10.00-11.30{14.45-19.0009.0~9. 45
Rt, % 2.7-6.3 0.0-2.6 1.3-6.3
= t, hr (09.00-10.30|10.30-15.15|14.00~-17.00
Region
No. 2 It, % 1.5-15.4 0.0-2.0 1.4-3.2
t, hr |11.30-18.45([16.15:18:00({09.0-13.25
Rt, % 0.0-1.7 0.0-1.6 | ———=—==——
t, hr 109.00-12.00{09.30-10.30} _
Tray No.3 15.30-18.45| ~——--———~
It, % 4.9-7.3 0.6-6.5 1.3-5.7
t, hr [12.30-14.50(11.30-19.00{09.00-17.00
Rt, % 1.2-10.6 1.2-5.7 1.2-2.5
Drying t, hr [09.00-17.50]09.30-13.45|13.15-15.00
chamber '
It, % | ——=————e 6.5-14.5 5.6-19.4
t, hr | == 14.45-19.00/09.00-11. 45

the sun rays
consequently

variations of

lead to an increase in the air temperature and
the <drying rate. It was observed that ' the
air temperature before and after the second tray

level as well as for region 2 was very small compared with that

of the first tray,

particularly on the second and third days.

The experimental results show that the increase and/or drop in
air temperature did not exceed 2.0 °C. The drying rate for the
second tray level is expected to be the lowest. '
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3.2 Solar drying and drying rate curves:

Two forms of drying characteristics curves are plotted. The
first form includes the solar drying curve which indicates the
relationship between the moisture content and the drying time.
The second form includes the drying rate curve which gives the
drying rate versus the moisture content. These curves are
characterized by three main periods. These are: warming-up
period, constant drying rate period and the falling rate
period. The warming-up period appears at the beginning of the
drying process. .The constant drying rate terminates at the
critical moisture content and followed by the falling rate
period. Different solids and different conditions of drying

give different shapes of these periods.

Figure 4 presents the solar drying curve for grapes at the
first, second and third tray levels as well as the solar and
open sun-drying modes. Clear differences among the drying
process of the three tray levels and also between the drying of
grapes using: solar and open sun-drying modes can be observed.
For the first tray level, the moisture content reached 36 % at
the end of .the first day. It reduced to 8 % only at the end of
the second day. However, at the end of the three days the
samples were completely dried. The samples loaded in the first
tray level had the highest drying rate compared with the other
two trays and the two different modes of drying. For the second
tray level, the results indicate that the moisture content
reached 81.2 %, reduced to 40 % and then to 2 % at the end of
first, second and third days, respectively. The drying process
of grapes in the second tray was found to have the lowest
drying rate. Figure 4 also shows that the drying process of
grapes loaded "in the third tray was faster on the first day
than that of the second tray, while it gives lower drying rates
than the first tray on the second and third days. In other
words, the drying rate for the third tray was always lower than
that of the first one for all drying times except for the first
day. Comparing the other two drying modes, Fig. 4 indicates
that the unit solar drying rate is relatively higher than that
for open sun-drying mode at all drying periods except from
12:30 to 15:30 O’clock on the first day.

On the other hand, for drying grapes the maximum moisture
content of 20% required for safe storage level. can be achieved
after 26 hours when the samples were loaded in the first tray.
However, the drying time extended to 49.8 hours for that loaded
in the second tray, while it took only 29 hours for the third
tray level. If the samplés were dried using solar drying mode,
31.5 hours are required to achieve the same safe storage value,
whereas it is necessary to spread the samples 32.5 hours using
sun—-drying mode. The reduction in drying time: between solar and
sun-drying modes was 3.1 %. The drying time required to dry the
samples in the second and third trays as well as the solar and
sun-drying modes usually exceeds that required for the first

tray.
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To make additional comparisons between the drying process
for different cases, the percentage reduction in moisture
content has been introduced and the calculated results are
given in Table 3. These values represent the overall percentage
reduction in moisture content from the starting of drying to
the “final moisture content at the end of each drying day.
Referring to Table 3, the percentage reduction in moisture
content on the first and second days were 30.2 % and 38.1 %,
respectively for the second tray compared with 45.9 % and 69%
for the first tray level. At the end of the third day a faster
and more complete drying was achieved using the first tray than
that using the second one. The final moisture content of the
second tray was about two times that of the first tray, so the
reduction in moisture content seems to be higher. Qualitatively
similar features can be found in Table 3 for the other drying

modes.

Table 3: The percentage reduction in the moisture content
under different drying cases.

Reduction in moisture content, %

Drying mode -
T First day |Second day |[Third day
Y Tray No. 1 45.9 69.0 84.6
Tray No. 2 '30.2 38.1 94.8
Tray No. 3 38.2 71.1 89.5
U.Solar drying 37.5 57.8 91.7
Sun-drying 38.1 56.9 85.1

The higher drying rate for the first tray level was due to
the additional natural convection effect, caused by hot air
flow through the products besides the incident rays through the
chamber cbver. For the second tray level, the air flow was
always exposed to the moisture removed from the samples in the
first tray causing its low drying rate. In the third tray, the
drying process was affected by the direct incident rays on the
upper surface of the sample besides the drying air coming from
the collector. The incident rays have a strong effect during
the first day, while the drying air has a strong effect during
the second and third days. The absorption of solar radiation in
the collector  which exceeds that occurred by exposing the
samples. directly to sun radiation leads to the relative
improvement in the drying rate for the. solar drying mode. The
short period of clear weather from 2.5 to 5.5 hours on the
first day caused a rapid increase of about 3 °C in drying air
temperature and resulted in a corresponding increase in drying

rate.

In Figure 5, the drying rate is giVen for all cases as a
function of moisture content. The drying process of grapes is
characterized by the general following features:
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1_

A warming—-up period which depends upon the tray level and
the mode of drying. This period 1is characterized by a
decrease in the drying rate with a corresponding decrease in
the moisture content followed by an increase in the drying
rate with a corresponding decrease in the moisture content.
For the first tray level, the warming-up period took 1.75
hours and the moisture content decreased from 63.2 to 55.1 %
which corresponded to moisture ratios of 0.949 and 0.828 and
drying rates of 0.183 and 0.032 (Kg/mz.hour), receptively.
In the second stage, the period took 2.33 hours and the
moisture content decreased from 55.1 to 46.9 % which
corresponded to moisture ratios of O 828 and 0.701 and
drying rates of 0.032 and 0.056 (Kg/m hour). This decrease
in drying rate in the first stage is due to the 1lower
liquid-surface temperature compared to that of the initial
state which causes- the curve to fall as shown in Fig. 5. In
the second stage, the evaporation rate increases, while the
samples surface temperature gradually rises. :

No constant rate period was observed during the drying
process - of . grapes for the three tray levels and the two

modes: .of drying.

Flve and/or six approx1mately linear- falllng rate perlods
were observed with transition periods between them and they
depend upon the . tray level and the drying mode. The
transition periods represent the maximum drying rate and
correspond to the drying chamber temperature and the maximum
drying air temperature during the warmest period of the day.
These dryer and air temperatures were much lower than the
values reported by Zaman and Bala [8] for a mixed mode type
dryer.. All samples are clearly entering its falling rate
period at a drying time period that ranged from 3.83 to 5.5
hours from the start. So, the drying rate falls. The first
tray level exhibited five approximately linear falling rate
continuing periods of 11.84, 1.13, 11.38, 2.37 and 2.0 hours
with four transition periods between them. The corresponding
maximgm drying rates were 0.055, 0.053 0.039 0.019
{Kg/m". hours), respectively. The decrease 1in moisture
content, moisture .ratio and the corresponding drying rates
during these periods are given in Table 4. A comparison
between drying characteristics of different tray levels and
the two modes of drying are also summarized in Table 4. All
cases, except for tray level number 2, showed a significant
decrease 1in ‘' the drying rate as the moisture content
decreased in the first falling rate period that corresponds
to a long drying period ( 11.0 to 11.84 hours). This period"
extended from 14:50 to 19:00 O’clock at the end of the first
day:. -Also, the two 1last falling rate periods are
characterized by a short drying times ranging between 1.0 to
2.37 hours. '

For,agriculture products there is usually no constant rate

period -[15]. The data of Diamante and Munro [21] exhibited no
constant rate period and two linear falling rate periods with a
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Table 4: Drying periods characteristics (D. CH.) for grapes
using three tray levels and the two different modes of drying.

' Unit Solar Sun-
1

D.CH.:| Tray No.1 Tray No.2 Tray No.3 Drying Drying
Mwl, %] 63.2-55.1 {111.3~-104.7| 98.6-87.7 89.7-84.7 94.4-75.8
t,hr. 1.75 0.75 2.92 0.75 2.92
dM/dt |0. 183-0.032|0. 208-0.032|0. 130-0. 036 0. 173-0. 041 |0. 184-0. 029
MR 0.949-0. 828 0.957—0.899 0.980-0.870{0.964-0.910]0. 952-0. 765
Mw2, %! 55.1-46.7 104.7~97.2 87.7-77.9 84.7-69.6 75.8-70.4
t,hr. 2.33 2.17 2.00 4.17 . 1.16
dM/dt (0. 032-0.056{0.032-0.038|0.036-0. 192{0. 041-0.082]0.029-0. 065
MR 0.828-0.701(0.899-0.835|0.870-0.774{0.910-0. 748|0.765~-0. 710
Mf1,%! 46.7-31.2 97.2-86.7 77.9-54.9 69.6-51.5 70.4-53.3
t,hr. 11.84 3.71 11.0 11.0 11.84
dM/dt | 0.052-0.009{0.038-0.017]0.192-0.015]{0.082-0.012]0.065-0. 011
MR 0.701-0.468{0.835-0.745|0.774-0.545{0. 748-0.553|0. 710-0. 538
Mf2,%| 20.8-17.6 82.8-72.9 38.1-25.7 34.6-30.8 42.6-33.9
t,hr. 1.13 7.8 2.13 1.13 3.13
dM/dt 0. 055-0.024(0.036-0.012{0.122-0.036|0. 062-0.028]0. 051~0. 017
| MR 0.312-0.264]0.712-0.626|0.378-0.256]0.371-0.331/0. 430-0. 342
Mf3,%{ 12.3-7.7 58.1-53.2 20.2-12.9 25.7-17.4 30.3-24.8
t,hr. 11.38 -4 2.25 11.38 11.38 1.5
dM/dt]0.053-9x10 ,0.034-0.009|0.048-0.002}0.068-0.003|0.048-0.016
MR 0.185-0.115]0.500-0. 457{0.200-0.128{0.276-0. 186 0. 306-0. 250
Mf4, % 6.1-3.97 50.8-36.2 10.7-5.7 13.9-10.8 22.8-19.2
t, hr. 2.37 11.38 2.37 1.0 9.75
dM/dt {0.039-0.006|0. 078-0. 005{0. 049-0.027}0.067-0.0230.031-0. 0004
MR 0.091-0.06 0.437-0.311(0.107-0.056 0.149-0.11610.230-0. 194
Mf5, % 3.1-0.55 28.4-22.4 3.5-0.63 4.90-0. 66 17.1-11.6
t,hr. 2.0 1.0 2.0 2.0 2.37
dM/dt{0.019~-0.012{0. 108-0.035/0.030-0.015|0. 039-0.014}0.047-0.011
MR 0.050-0.009|0. 244-0.19210.035~0.006|0. 053-0.007]0.173-0. 117
Mf6,%4| —-—-——-- 9.1-0.85 | ——=mme | —meme 8.2-1.42
t,hr.| -—-—=—=-- 2.0 | mem=me— ] emeee— 2.0
dM/dt| ------- 0.071-0.014| -—--—-=== | —=—=——= 0.065-0.022
MR | - 0.078-0.008| =~-—=--—~— | ‘———m——— 0.083-0.015

Where Mwl and Mw2 are the moisture contents at the first and

the second warming-up periods,
contents at the first,

are the moisture
falling rate periods, respectively .

respectively.

Mf1,

Mf2,...etc

the second,...etc



transition between them for forced convection drying of
different variety of sweet potatoes. This contrasts with the
drying rate curves for natural drying of sweet potato slices
reported by the same authors [9], in which quite long constant
rate period and one approximately linear falling rate period
were exhibited. In the falling rate period the material surface
is no longer saturated with water and the drying rate is
controlled by diffusion of moisture from the interior of the
solid to the surface. The rise of drying air temperature can be

observed during this period.

3.3 Mathematical modelling of drying rates:

‘Each of the five drying curves were fitted to the five
equations shown in Table 12 The computational results of the
determination coefficient r” are presented in Table 5. Figures
6 through 110 show the experimental and fitted drying rate
curves: for all cases under consideration. The derived equations
are -also given in Figs. 6 ‘through 10 at the upper right hand
side..of the graphs. All the used equations gave consistently
high determination coéfficient r~ "in thezrange'of 0197§$i£o
0.9138 except for Hale’s model in which r° ranged from 0.5824
to 0.6985. This indicates that all the equations could
satisfactorily describe the solar and sun-drying rates of
grapes except for Hale’s model that gave the worst fitting. The
lowest r” values of 0.9138 and 0.9139 were for the exponential
and diffusion equations, respectively, that used to fit the
experimental data of tray level number 2. However, both Page
and modified Page equations gave better results; r°=0.9202. The
tray level number 2 was installed in the middle part of the
drying - chamber which was exposed to the moisture evaporation
coming from the first tray level. This leads to a continuous
decrease in drying air temperature. The drying rate was
correspondingly very low and the equation underpredicted the
drying rate at the last 3.3 hours on the first day and at the
first 7.5 hour% on the second day, giving a relative rise to
the value of r~. In the initial stages of drying, these two
models (Page and modified Page equations) satisfactory fitted
the experimental data for tray level number 1 on the first day
and up to moisture ratio of 0.775 (90.2 % moisture content) for
tray level number 2. They "were more accurate than the
exponential and diffusion equations for all drying times. The
exponential and Fick’s diffusion equations resulted in almost
the same values of r- for all ‘cases, since .very similar
pgrameters were used in the models except for the presence . of
w~ in Fick’s equation. It is noticed that Fick’s model is
essentially the same as Lewis’s model because (c/w”) equals (b)
in Lewis’s model. Very close results could also be observed for

Page and modified Page models.



Table 5: The computaticnal results of the determination
coefficient r2 for different cases.

Model Model Namé  Tray Tray Tray U.Solar|{ Sun-
No. ) No. 1| No. 2| No. 3| Drying|Drying

1 |Lewis’s model [0.9687|0.9139(0.9675(0.9638 |0.9572

2 |Fick’s model -~ [0.9676 C.9138 0.967710.9621 ]0.9652

3 |Page’s model 0.9664|0.9202|0.9734{0.9674 |0.9631

4 |Modified , ,
Page’ s model 0.9702|0.92020.9735]0.9676 |0.9632

5 |Hale’s model = |0.6248|0.6074 0.6985 0.6634 10.5825

In mos% cases, the Page and modified Page equations gave
values of r” (0.9202-0.9734) higher than those obtained for the
exponential  and Fick’s equations (0.9138-0.9687). Fick’'s
equation gave an r value of 0.9652 for sun-drying mode which
is higher than those of the modified Page and .exponential
equations and héence it could be adopted for modelling purposes.
The results indicate that the modified Page equation was closer
to the “measured values only at the first stage of drying up to
62 % moisture content for tray level number 3, with the solar
drying mode in all the drying times in the first day and for
sun-drying up to 63 % moisture content. The modified Page
equation was chosen over the exponential equation for curve
fitting because 1t considers the thickness of the sample in

calculations.

- *The*poor fit of all cases using Hale’s model clearly arises
from the fact that the fitted equation grossly underpredicts
the drying rate durihg the first 5.75 hours on the second day,
during the first 0.75-2.0 hours on the third day and grossly
overpredicts the drying rate in the later stages of the drying
process. For the solar drying mode, Hale’s model underpredicts
the drying rate during the second day. The results show that
the Hale’s equation could satisfactorily describe the solar
drying curves of grapes up to moisture contents of 36 % and
73.5 %4 for tray levels number 1 and 3, respectively. ‘

The ‘accuracy of the calculated values of moisture ratio
depends largely on the model used in the calculations, the tray
level and the mode of drying. The modified Page equation 1is
better than the exponential equation for predicting the drying
rate of grapes using both modes of drying, solar and open
sun-drying. In most cases, the drying rate and the moisture
ratio are very low, particularly, in the later stages of drying
at the end of each day because of the reduction in drying air
temperatures. This leads to an overprediction of the drying
characteristics using the mathematical models and consequently
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gives low determination coefficients. The indication of this
behavior was clearly observed for tray level number 2 fitted to
all models where the drying air temperature decreases from 40
to 31 °C at the last 3.0 hours on the third day.

4. CONCLUSIONS:

In the present paper, a new design and performance
characteristics of multi-rack natural convection solar dryer
has been described for drying various types of crops. The
following conclusions are obtained:

1. The drying air temperature is significantly affected by the
loaded tray level and the space between levels. It depends
on the evaporated moisture from the product and the -absorbed
energy through the drying chamber cover. The first factor
has a strong effect during the periods of rapid removal of
product surface moisture, while the second has a strong
effect during the periods when the moisture evaporation
migrates from inside the product to the surface layer. This
causes a decrease of the drying air temperatures after the
first, the second and the third tray levels compared with
that at the entrance during the first drying stages and the
increase in the air temperature during the following stages.
The percentage reduction and improvement in drying chamber
temperatures and the corresponding drying time are reported.

2. The drying process of grapes is strongly dependent on the
tray level and the mode of drying. The drying of grapes
loaded in the first tray level nearer to the collector has
the highest drying rate compared with the solar and
sun-drying modes. The second tray level, 1loaded in the
middle part of the drying chamber, has the worst drying
rate, whereas the tray level located at the topmost part of
the chamber gives a moderate drying rate. The solar drying
rate is always higher than that for open sun-drying mode
except for the time from 2.5 to 5.5 hours on the first day

of drying.

3. The accuracy of the moisture ratio calculated values depends
strongly on the model used in calculations, the tray level
and the mode of drying. The modified Page equation is better
than the exponential equation for estimating the drying rate
of grapes using both solar and open sun-drying modes. The
Hale’s equation could satisfactorily describe the solar
drying curves of grapes up to moisture contents of 36 % and
73.5 % for tray levels number 1 and 3, respectively.

NOMENCLATURE:

a empirical constant in equations (4 and 5).

A heat and mass transfer area, m’.

b empirical constant in equations (4) and (8).
c empirical constant in equation (5).
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dM/dt drying rate, Kg/m° hr.

It percentage increase in air temperature.

k empirical constant in equation (7).

m empirical constant in equation (8).

CM " moisture content, percent.

Mc moisture content at constant rate period, percent.

Mcr critical moisture content, percent.

Mf moisture content at falling rate period, percent.

Mo initial moisture content, percent.

MR ‘moisture rafio, dimensiqnless.

Mw moisture content at warming-up period, percent.

n empirical constant in equation (6) and (7).

Rt percentage reduction in air temperature.

T1,T2,T3 temperatures of air leaving tray levels numbers 1, 2,

and 3, respectively; °C.

Tci collector inlet temperature,oc.

Tco collector exit temperature, °c.

W grapes thickness, mm.

wd weight of the dry material at the end of the test, Kg.

wo initial weight, Kg.

wt weight of the humid material at time (t), Kg.

z empirical constant in equation (6).
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