4. RESULTS AND DISCUSSION
4.1 Performance of the Hybrid Dryer
4.1.1 Solar collector
Thermal performance of the solar collector was evaluated experimentally for both
forced convection and natural convection operations. The incident lux value and the
solar collector temperature were recorded from 9.00 am to 5.00 pm. Solar radiation
to the collector was varied by large quantities due to on and off clouds but the solar
collector temperature was not affected to a great extent by that.
The variation of solar collector outlet temperature with the time in the forced
convection operation is shown in figure 4.1. The collector outlet temperature
recorded highest values during 11.50 am and 1.00 pm while reaching the maximum
temperature of 67 ºC at 11.55 am. However, this may be changed with the prevailing
climate conditions of a given day.
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Figure 4.1 Variations of solar heater outlet temperature and Lux with drying time in
forced convection operation
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Compared to the forced convection operation higher temperatures were recorded at
the solar collector outlet in natural convection operation. Figure 4.2 shows the
variation of the solar collector temperature with time in natural convection operation.
The highest temperatures were recorded from the collector during 11.30 am and 1.50
pm with a maximum of 76 ºC observed at several occasions during this period.
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Figure 4.2 Variations of solar heater outlet temperature and Lux with drying time in
natural convection operation
The temperature values achieved in the present study were greater than the values
observed by Mohanraj, M. and Chandrasekar, P. (2008). They also used a forced
convection flat plate solar collector with thermal storage but without having baffles
and corrugated plate. Thiruchelwam Thanaraj et al. (2007) reported that a
temperature of 51 ºC was achieved in a rotary solar collector designed to dry copra.
Maximum temperatures between 48 ºC and 73 ºC were recorded by Sarsavedia, P. N.
(2007) with flat plate corrugated collector where 73 ºC of temperature was recorded
with very low air flow rates. Mumba, J. (1996) had achieved the temperature of 63ºC

42

with a forced convection solar air collector. Therefore, the results obtained from the
solar collector in the present study were satisfactory. Fixing of copper baffles to the
corrugated plate might have increased the thermal conductivity of base plate which
was in direct contact with the thermal storage.
4.1.2. Stove heat exchanger
Constant feeding of biomass to the stove was required to maintain the outlet
temperature of the heat exchanger at steady levels. The biomass feeding rate to
achieve outlet temperatures at 60 ºC, 70 ºC and 80 ºC were investigated. During this
test coconut shells and firewood were used as fuels. The coconut shells could be
obtained as by product in the copra drying process. The additional energy
requirement was fulfilled by using firewood. As expected, the biomass consumption
was at higher levels when the dryer was operated only with biomass. The obtained
results are shown in Table 4.1.
Table 4.1 Fuel consumption by stove heat exchanger
Biomass Consumption (kg/hr)
Temperature (ºC)

60

70

80

Operation mode

Coconut shells

Firewood

Hybrid

0.18

0.36

Biomass only

0.4

1.2

Hybrid

0.3

0.52

Biomass only

0.79

2

Hybrid

0.4

0.75

Biomass only

1.1

2.6

The biomass consumption was at lower levels during daytime due to hybrid
operation. The time period of 9.00 am to 5.00 pm was considered for the hybrid
operation. Feeding rate was not uniform during that time, less in around noon and
high in morning and afternoon. An average value for biomass feeding rate was
calculated for that time period.
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4.2 Drying Characteristics
4.2.1 Multi bed experiment
The variations of heat exchanger outlet temperature and temperature of the air
leaving from all compartments with drying time are shown in Figure 4.3 for multi
bed drying experiment (Experiment 1). The heat exchanger outlet temperature was
varied between 90 ℃ and 75 ℃ during first 23 hours and between 80 ºC and 70 ºC
during last 22 hours. It reached the maximum temperature of 92 ºC after 7 hours. The
minimum temperature of 68 ºC was recorded after 47 hours.
The temperature of the air leaving from the first compartment which is the
temperature of air receiving to the second compartment reached 70℃ within 7 hours.
It was fluctuated within a range of 65 ºC and 75 ºC till the end of drying period. The
temperature of the air leaving from the second compartment was increased slowly
during early drying stages and it reached 60 ºC after 14 hours. It was then varied
between 60 ºC and 70 ºC in final stages. The maximum temperature recorded in the
second compartment was 68 ºC after 30 hours. The lowest temperatures were
recorded at the third compartment. The temperature of the air leaving from the
compartment was reached to 50 ºC after 16 hours. The temperature was fluctuated
within a range of 55 ºC and 65 ºC at the end of drying.
Initially, the coconut halves consumed more heat to evaporate free moisture in the
kernels. But with the reduction of moisture, the amount of heat consumed by coconut
kernel was reduced. Furthermore, metal parts of the dryer including wall, trays and
doors absorbed more heat during initial drying stages. But, with time the heat
absorption by both coconut and metal parts were reduced. Therefore, the
temperatures of drying air in all compartments were increased with drying time as
shown in the Figure 4.3. The sharp drop of temperature observed in Figure 4.3 was
due to cooling after a full day of heating to reduce the case hardening effect.
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Figure 4.3 Variations of exit temperatures of compartments and the heat exchanger
outlet with drying time

The outlet temperature of the heat exchanger was highly dependent on burning rate
and type of biomass in the furnace and is not an easily controllable parameter. It can
be increased or decreased by altering the biomass feeding rate to the furnace but
maintaining a uniform temperature throughout drying period was a difficult task
requiring smooth operation mainly at higher operating temperatures. As a result, the
outlet temperature of the heat exchanger was fluctuated heavily during initial drying
stages as shown in the Figure 4.3. This variable temperature from heat exchanger
resulted in considerable temperature fluctuations at the first compartment but those
were small in size compared to the fluctuations at the heat exchanger outlet. The
fluctuations in the second compartment were even small in size and the temperature
fluctuations in third compartment were not significant.
Since the temperatures of leaving air from the compartments were measured during
the experiments, an average drying temperature was defined according to the
equation 1.
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Average drying
Temperature

=

Temperature of
receiving air

+ Temperature of
leaving air

---- 4.1

2

Figure 4.4 shows the variation of average drying temperature in each compartment
with drying time. It can be clearly noticed that during drying process the average
drying temperature had increased gradually. The average drying temperature of the
first compartment was raised to 81 ºC within 7 hours. Thereafter, it was varied
between 70 ºC and 80 ºC during last 25 hours of drying process. In the second
compartment, the average drying temperature was increased to 60 ºC within 6 hours
from the beginning. After that, the average temperature was varied between 60 ºC
and 70 ºC. The average drying temperature of third compartment was increased
nearly linearly during first 20 hours and it reached 60 ºC at the end of that period. In
the last 19 hours, the average drying temperature was between 60 ºC and 70 ºC. The
maximum drying temperatures recorded in the compartments were 81 ºC, 70.5ºC and
66.5 ºC in first, second and third compartments respectively. Similar to Figure 4.3,
the average drying temperature was also fluctuated during drying. This was in line
the fluctuations in the heat exchanger outlet temperature
The variation of relative humidity of each compartment with drying time is shown in
Figure 4.5. In the first compartment, the relative humidity was decreased at a
significantly high rate at the beginning and then it was decreased at a slower rate till
the end of drying process. The final value of relative humidity in the first
compartment was recorded as 15.64% at the end of 32 hours. The migration of
moisture evaporated from first compartment to the second one caused the relative
humidity of the second compartment to be higher than the first compartment. For the
first two hours of drying, the relative humidity of the second compartment was even
greater than the conditions. Afterwards, the relative humidity of the second
compartment was decreased continuously at a rate which was decreased with the
drying time. Final humidity of this compartment at the end of 42 hours was recorded
as 15.47%. The highest relative humidity was recorded in the third compartment
from amongst all three compartments. Analogous to the second compartment, during
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first three hours of operation, the relative humidity of the third compartment was
greater than the ambient with a peak value of 93.17% at the end of second hour. The
final relative humidity of the compartment was recorded as 18.47% after 49 hours.
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Figure 4.4 Average drying temperatures of compartments with drying time
The migration of moisture from lower compartments has created higher relative
humidity in upper compartments. Relative humidity values higher than the ambient
value were recorded in second and third compartments probably due to the
evaporation of surface moisture of coconut halves during initial hours of drying. The
relative humidity of the heat exchanger outlet was below than 10% except cooling
period. During four hours of cooling, the relative humidity was increased
considerably in all three compartments and in the heat exchanger outlet. However the
values were kept lower than the ambient value. The ambient relative humidity varied
between 73.3% and 88.6% where lower values were recorded at day time and higher
values were recorded at night time.
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Figure 4.5 Variation of relative humidity with drying time
The final relative humidity values were lower than the values obtained by previous
studies. Thiruchelwam Thanaraj et al. (2007) reported that final relative humidity of
30% was recorded in their natural convection hybrid dryer. They also mentioned that
36% of final relative humidity was recorded in kiln drying process with final
moisture content of 8 % in copra. The exact comparison cannot be made with those
results since both dryers were operated with natural convection and further, the kiln
drying process ended up with higher moisture content in copra than the present
study. Final relative humidity around 34% was recorded by Mohanraj, M. and
Chandrasekar, P. (2008) with a forced convection solar dryer. In that study, the
average temperature of drying air was 42 ºC which is around 15 ºC than the lowest
average drying temperature of present study. The lower relative humidity in present
study might be attributed to the higher drying temperature. Supratomo et al. (1990)
reported a lower relative humidity value for copra drying in a solar hybrid dryer.
They reported that a relative humidity of 26% was finally achieved in their study.
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Figure 4.6 shows the variation of moisture content of copra with drying time in each
compartment. It is observed that the drying rate was highest in the first compartment
and was lower in upper trays. The moisture content of coconut was reduced to 6.6%
from an initial value of 49.13% in the first compartment within 32 hours. In the
second compartment, the drying time of 42 hours was required to reduce the
moisture content of coconut from 48.62% to 6.91%. The highest drying time was
required in the third compartment of 49 hours to reduce the moisture content of
coconut from 48.82% to 7.11 %. A typical drying curve could be obtained for the
first compartment in which nearly a constant drying rate could be observed initially
due to the evaporation of surface moisture. As a result, the moisture content of
coconut was reduced to 20.3% within 12 hours of drying. After that, the drying
process was continued with a falling rate until the end of drying process. Similar
drying patterns were observed in second and third compartments at relatively slower
rates. In both compartments, the initial drying rate was significantly low. This may
be due to the migration of moisture from bottom layer/s.
Mohanraj, M. and Chandrasekar, P. (2008) recorded a higher drying time than the
present study for copra drying with a flat plate solar collector. However, there were
few differences between two studies. They used a drying chamber with two
compartments to dry 300 nuts of coconut to produce 60 kg of copra. The average
drying temperature was lower than the present study and final moisture contents of
copra were recorded as 7.8% and 9.7% in the bottom and the top compartments,
respectively. A drying time of 71 hour was recorded by Thanaraj et al. (2007) in a
solar – biomass hybrid dryer to reduce the moisture content of coconut from 50 % to
7%. Even though, the drying time was higher than to the present study, they
produced 147 kg of copra within one batch.
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Figure 4.6 Variation of moisture content of copra with drying time
4.2.2 Single bed experiments
Variations of exit temperatures of the first compartment and the heat exchanger
outlet for two single bed tests (Experiment 2 and Experiment 3) are shown in Figure
4.7 and Figure 4.8 respectively. The heat exchanger outlet temperature reached 60 ºC
within 3 hours and it was then controlled between 60 ºC and 65 ºC during the drying
process. During the experiment 2, the temperature of the leaving air of the
compartment was increased gradually up to 56 ºC within first 24 hours. In the last 7
hours, it was varied around 55 ºC. Since the heat changer outlet temperature could be
able to control smoothly, the temperature fluctuations in the drying chamber could be
minimized.
In the experiment 3, the heat exchanger outlet temperature was maintained between
60 ºC and 70 ºC. The exit temperature of compartment achieved 50 ºC within 4 hours
which was about 13 hours in experiment 2. A few significant fluctuations of
temperature were observed in the leaving air because of the temperature variations in
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the heat exchanger outlet. In both experiments, the temperatures were dropped closer
to the ambient temperature during the cooling period.
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Figure 4.7 Variations of temperatures of the first compartment and the heat
exchanger outlet with drying time of experiment 2
Figure 4.9 shows the average drying temperature in the drying chamber for
experiments 2 and 3. The average drying temperatures were 55 ºC and 59.95 ºC for
experiment 2 and experiment 3 respectively. In experiment 2, The average drying
temperature was increased to 50 ºC within 2 hours. It was then increased gradually
and recoreded a maximum of 60 ºC at the end of twenty forth hour of drying. In last
5 hours of drying it was varied just below 60 ºC. The average drying temperature of
the compartment during the experiment 3 was higher than that of experiment 2. It
reached 60 ºC during fourth hour of drying and then it was varied between 57 ºC and
60 ºC until cooling starts. In final few hours, it was recorded between 60 ºC and
65ºC. The discontinuity of the graph was attributed to cooling period.
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Figure 4.8 Variations of temperatures of the first compartment and the heat
exchanger outlet with drying time of experiment 3
Figure 4.10 shows the variation of the relative humidity of drying chamber with
drying time for both experiments. For both experiments the relative humidity had
decreased at a rate which was erduced with drying time. This behaviour was almost
identical to the first compartment of multi bed experiment. Figure depicts that the
relative humidity of air leaving from the drying chamber was very low for both
experiments after few hours of drying. After 10 hours of drying it was 42.42 % in the
experiment 2 and 36.25% in experiment 3 respectively. This indicates that air leaving
the copra bed was not fully saturated thereby wasting some of the sensible heat in the
leaving air. But in multi bed drying, the loss of sensible heat was much lower
compared to single bed drying.
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Figure 4.9 Average drying Temperatures of compartments of experiment 2 and 3
with drying time
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The variation of moisture content of copra with drying time is illustrated in Figure
4.11. The final moisture contents were recorded as 6.75% and 7% for experiment 2
and experiment 3 respectively. The drying time of experiment 2 was longer than the
drying time of experiment 3 by two hours. That difference of drying time was
ascribed to the difference in average drying temperatures for the two experiments.
For both experiments, a constant and higher drying rate at initial stages of drying was
observed. But, the difference between initial drying rates and final drying rate was
not considerable as in compartment 1 of experiment 1. This may be due to the use of
significantly high temperature across the compartment 1 of multi bed drying
compared to single bed drying.
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Figure 4.11 Variation of moisture content of copra with drying time of single bed
experiments
The drying characteristics observed in the present study for copra drying are
tabulated in the Table 4.2. According to the results, the shortest drying time and the
highest drying temperature were recorded in the first compartment of multi bed
drying experiment. For single bed drying the drying time could be reduced by
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increasing the average drying temperature. However for multi bed drying, the drying
time was influenced by both the average drying temperature and the effect of
migration of moisture to the top compartments. This was evident with the
observation that the drying time of copra in the second compartment of multi bed
drying was recorded as the second highest even though the average drying
temperature was recorded as the second highest this experiment. Similarly, the
drying time of copra in the third compartment of multi bed drying which was
operated at an average temperature of 56.98 ºC was longer than by 12 hours to the
drying time of copra of experiment 2 which was single bed drying with an average
temperature of 55.62 ºC. In all the experiments, the final moisture content less than
7% could be achieved in copra with the exception of drying in the third compartment
of multi bed drying.
In multi bed dryings, the production of copra was 11.94 kg, 12.11 kg and 12.37 kg in
the first, second and third compartments respectively. Hence, production rate of
multi bed drying was 36.42 kg of copra within 49 hours of operation. Comparatively,
single bed drying could produce only 12.06 kg of copra within 37 hrs in experiment
2 and 12.24 kg of copra within 35 hours in experiment 3. Therefore, production rate
can be calculated as 0.74 kg/hr from multi bed drying, 0.33 kg//hr at low temperature
drying in single bed and 0.35 kg/hr at high temperature drying in single bed.
4.2.3 Copra drying test in the kiln dryer
In experiment 4, 204 kg of copra with moisture content of 6.4% was produced in the
kiln dryer. The copra was unloaded after 94 hours of drying. The heating was
supplied by firing coconut shells in 3 stages where the flue gas is allowed to pass
through the copra bed. Initially higher heating rate was maintained by using more
coconut shell in the first firing. The second and third firings were done with half the
amount of shells used for first firing. In total, around 700 of coconut shells were used
for the complete drying process.
4.3 Performance of the Dryer
The thermal efficiency of the dryer was examined for each experiment. The
efficiency values were calculated using a similar method as used by Thanaraj et al.
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(2007). The calculated thermal efficiencies for experiment 1, 2 and 3 are 7.07%,
4.05% and 4.18% respectively. These values are comparatively lower than the values
recorded in previous studies on copra drying (around 10%). However most of these
dryers were having natural draft. Consequently, the final moisture contents were as
high as 14% for a similar time period to the present study. In the present study,
significantly low moisture content (6% - 7%) was achieved when compared to the
conventional copra drying (about 12% - 15%). However the considerably low
thermal efficiencies recorded in the present study especially for single bed drying
operations may be attributed to following reasons.
-

the heat loss to the environment was high from the walls of stove since it was
made up with mild steel. Fabricating the stove with less conductive material
like firebrick or normal brick would decrease the heat loss and increase the
efficiency of the dryer.

-

loss of flue gas from the grate was noted during all the experiments. Since the
flue gas was circulated through the heat exchanger by natural draft, it may
escape through the grate due to possible pressure drop in the flow path.

-

Possibility of accumulating soot in the flow path might have affected the heat
transfer from flue gas to air which is any way difficult to achieve.

The specific moisture evaporation (SMER) rate which is defined as the energy
required for evaporating 1kg of moisture was found to be 32.11 MJ/kg, 55.99 MJ/kg
and 54.27 MJ/kg for experiment 1, 2 and 3 respectively.
The thermal efficiency was higher in multi bed experiments when compared with
single bed experiments. Hence the SMER value for multi bed experiment was
considerably low. This may be due to higher use of sensible heat of hot air to the
drying process in multi bed experiments.
The calculations of thermal efficiencies and SMER values are shown in Appendix D.
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4.4 Quality of Copra
The quality of copra is analyzed by considering mainly the color, oil content and
presence of low grade copra. Low grade copra includes scorched copra, slimy copra
and mouldy copra. No scorched or mouldy copra were resulted from drying in first 3
experiments. The results of all the drying experiments are summarized in Table 4.2.
Table 4.2 Results of copra drying experiments

Experiment

Drying

Average Drying

Compartment

Temperature( ºC)

Moisture

Drying
Time
(Hrs)

Content
(% wet basis)
Initial

Final

1

73

32

49.13

6.60

2

64

42

48.62

6.91

3

57

49

48.82

7.11

2

1

56

37

49.81

7.00

3

1

60

35

50.41

6.75

94

49.68

6.4

1

4

In multi bed drying experiment, higher amount of white copra per compartment was
observed in upper compartments. The percentage of white copra found in first,
second and third compartments were 10.32%, 13.33% and 42.33% respectively
(Table 4.3). Even though the white copra productions in first two compartments were
low, the majority of copra produced in these compartments was light brown or pale
yellow in color. More white copra could be observed in single bed drying
experiments in which white copra percentages were 82 % and 76 % for experiment 2
and 3 respectively. The remaining copra in these two experiments was light brown or
pale yellow in color. Thanaraj et al. (2007) were also able to produce white copra
with a percentage slightly above 70%. However, in conventional drying of
experiment 4 could not be able to produce copra or light brown copra. As in all other
kiln dryers, exposure to the direct fire caused color of copra to be brown or dark
brown. Figure 4.12 shows the copra cups with three different colors.

57

Table 4.3 Analysis of copra quality
White

Light

Brown

Other

Oil

copra

Brown

copra

copra

content

(%)

copra (%)

(%)

(%)

(%)

1

10.32

74.68

13.33

1.67

60.33

2

13.33

80.46

4.16

2.15

59.25

3

42.33

49

2

6.67

59.43

2

1

82

16.4

0

1.6

60.18

3

1

76

23.17

0

0.83

60.44

0

0

97.8

2.2

60.59

Experiment

Drying
Compartment

1

4

 The copra percentages were calculated by according to the number of cups
 Other copra includes slimy copra
The average drying temperature of the third compartment of multi bed drying was
comparable to the average drying temperature of single bed drying. But the
production of white copra was significantly lower in the third compartment of multi
bed drying than single bed drying. This may be attributed to considerably higher
drying time for the third compartment than single bed drying. This result indicates
that the high temperature is not the only factor for changing the copra color to brown
but also the time of drying.

(a)

(b)
Figure 4.12 Colors of copra

(c)

(a) White copra (b) Light brown copra (c) Brown copra
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4.5 Quality of Coconut Oil
Table 4.3 indicates that the oil yield had no significant effect from the method of
drying. Other than the first compartment of multi bed drying, the coconut oil
obtained from the hybrid dryer was almost colorless. The oil was same as virgin
coconut oil by appearance. Even though, the oil was produced with the pairing of
coconut kernel, a yellowish color was not observed in the oil. The very light
yellowish color was observed in the oil from copra of the first compartment of mult i
bed drying but it was also not considerably deviated from the appearance of virgin
oil. The color of oil produced by the copra obtained from kiln dryer was pale yellow
which is also lighter in color compared to the oil available in the retail market.
(Figure 4.13)

(a)

(b)

(c)

Figure 4.13 Colors of coconut oil
(a) Oil produced by copra of hybrid dryer (b) Oil produced by copra of kiln dryer
(c) Oil taken from a retail shop

The oils obtained from each experiment are tested for psychochemical properties and
the results are given in Table 4.4. To assess the quality of coconut oil, the measured
properties were compared with values specified by SLS 313 standards (Table B1,
Appendix B).
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Table 4.4 Physicochemical properties of coconut oil
Samples

Property
CO1

CO2

CO3

CO4

CO5

CO6

CO7

1

0.919

0.918

0.917

0.918

0.919

0.918

0.916

2

0.346

0.381

0.382

0.392

0.293

0.404

0.212

3

0.66

0.65

0.72

0.61

0.38

0.44

0.71

4

251.05 258.42

252.63 249.75

257.31 253.92

182.74

5

1.448

1.448

1.448

1.452

1.449

1.449

1.448

1. Relative density
2. Moisture & other matter percentage volatile at 105 ºC
3. Free fatty acids as lauric acid, percent by mass
4. Saponification value
5. Refractive Index
The relative densities of the all oil samples were in the range for any type of coconut
oil. The lowest relative density was recorded in the oil sample obtained from retail
market. The moisture contents also were in the range for virgin coconut oil and as the
relative density, the lowest moisture content was also recorded in the similar sample.
There was no trend established between the final moisture content of copra and
respective coconut oil produced by using that copra. That may be attributed to the
some additions or losses of moisture to the oil during processing of copra in the
expeller. Both, free fatty acid content and saponification value were in the range for
white coconut oil other than the oil from the retail market where very low
saponification value was recorded. A trend between free fatty acid content and
saponification value was not observed. Roberto C, Guarte et al. (1996) also did not
found a trend between free fatty acid content and saponification value in their study.
All the coconut oil samples except the one from retail market recorded refractive
index values less than the maximum value (1.4492) specified by the SLS standards.
The refractive index of the oil sample from retail market was deviated from values of
other oil samples with showing the highest value for all the samples. The moisture
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content, relative density, saponification value and refractive index of the oil sample
obtained from retail market were deviated from the respective values of other
coconut samples. The relative density and the saponification value of all types of
palm oils (Palm oil, Palm kernel oil, Palm kernel olein and Palm kernel stearin)
available in the market are lower than the values of coconut oil (Codex Stan 210,
1999). Furthermore, the refractive index of all types of palm oils is higher than the
refractive index of coconut oil (Codex Stan 210, 1999). Hence, lower relative density
and saponification values and higher refractive index values of the oil sample
obtained from retail market might be attributed to the adulteration of coconut oil with
some other edible oils such as palm oil.
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