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ABSTRACT

Most solar dryers rely on only solar energy as theat source. This condition limits its use in off
-sunny periods such as cloudy, rainy seasons angragunset. The objectives of this study were
to: develop a solar dryer with biomass backup hedte drying fruits; analyze its performance;
and carry out comparative analysis of the dryer kwiand without biomass backup heater. An
indirect solar dryer was designed, constructed aamblysed using 4mm slices of pineapples and
mangoes. Temperature, humidity and ambient air tesmgture were measured using Tinytag
data loggers, EasyLog — USB 2 and HI 91610C Therimggrometer. A 300g weight of charcoal,
costing GHC 0.5 (US$ 0.16)was fed into the backwgater every 1-2 hours with a running cost
of US$ 1-2.88/day. The results showed that the muwes content (MC) of the pineapples reduced
from 87% to 16%(wb) and that of mangoes reducedir85% to 15.5% (wb). On average, solar
drying with backup took 14-18 sunshine hours to aitt the desired MC, while that without
backup took 20-27 sunshine hours. With biomass bagkeater the drying rates were: pineap-
ples (32.5g/h) and mangoes (19.3g/h), while withdnatckup the drying rates were: pineapples
(23.7g/h) and mangoes (15.5g/h). Better performaneas obtained when the dryer was with a
biomass backup heater.

Keywords: Moisture, dryer, temperature, solar, biomass

INTRODUCTION Hence, in order to reduce postharvest loses to
High moisture content of some harvested agrienable farmers increase the quality of their pro-
cultural produce can facilitate the growth ofduce, efficient and affordable drying methods

microorganisms, which results in spoilage. Reare necessary.

ducing the moisture content of most foods to 10

-20% prevents bacteria, yeast, mold and erBrying is a process of moisture removal due to

zymes from damaging them (Scanlin, 1997)simultaneous occurrence of heat and mass
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transfer (Ertekin and Yaldiz, 2004). Heat transHowever, most solar dryers use only solar en-
fer occurs to change the temperature of the ma&rgy as a heat source for drying. This makes
terial to be dried and mass transfer occurs whesuch solar dryers dependent on climatic condi-
moisture is removed from within the material totions limiting their use in off-sun periods. The
the surface accompanied by evaporation fromonsequence is that agricultural produce that
the surface to the surrounding atmosphere (Hare harvested during the rainy seasons are
et al 2012). For successful drying, enough hedikely to decompose without proper handling.
should be applied to draw out moisture withoufTherefore there is the need for continuous re-
cooking the food and adequate dry air circulasearch and development of additional tech-
tion should be allowed to carry off the releasechiques for heat supply to enhance solar drying.
moisture. In addition, the moisture must be
removed as quickly as possible at a temperatufehe objectives of this study were to develop a
that does not seriously affect flavor, texture andolar dryer with biomass (charcoal) backup
colour of the food (Sanmit al, 2012). heater for drying fruits; evaluate performance
by analyzing temperature, moisture content and
Drying is an old technique used for food preserdrying rate and carry out comparative analysis
vation. It can reduce wastage of surplus produf the solar dryer with and without biomass
tion and also make produce lighter, smaller anbackup heater for future adoption and scale-up.
easier to handle (Green and Schwarz, 2001). It
is a very suitable preservation technigue foMATERIALSAND METHODS
developing countries with poorly establishedAn indirect solar dryer was developed by de-
low-temperature and thermal processing facilitysign and construction. It comprises four major
(Hii et al, 2012). Drying can ensure continuouscomponents - solar flat plate collector, drying
food supply and production of high quality chamber, chimney and biomass backup heater
marketable produce (Weiss and Buchingerattached to the drying chamber. The dryer was
2002). Traditional open sun drying is a com-designed using Siemens NXsoftware. It has the
mon and widely used method for drying of agfollowing dimensions: length 1963 mm x
ricultural produce including fruits, vegetablesbreadth 630 mm x height 2160 mm. Fig. 1
and cash crops. It is the simplest way of dryinghows the isometric drawing of the dryer. Its
foods by direct exposure of the product to theictorial view is shown in Fig. 2.
sun. Even though sun drying is the cheapest
method, the quality of the dried product usuallyData collection and performance analysis of the
falls below standards due to contaminationdryer were carried out from January to Febru-
damage by birds or insects and slow or interary 2015 at the Kwame Nkrumah University of
mittent drying (Brenndorfeet al, 1987). Dried Science and Technology (KNUST) in Kumasi,
product quality improvement and reduction ofGhana - Latitude @2’'N and longitude B7'W
losses can be achieved by the introduction dMoujaled, 2014). According to measurements
suitable drying technologies such as solar drydone by the Meteorological Services Depart-
ing. ment of Ghana and the KNUST, average solar
irradiation for Kumasi was 340.8 W/mThe
Solar dryers constitute a specialized structurambient temperature , bf the test location was
that controls the drying process and protect the7-32C with relative humidity of 70 - 84%
produce from damage by dust, rain and insect¢Forsonet al, 2007 and Antwi, 2007).
(Raju et al, 2013). Since the products are pro-
tected and the drying time is reduced signifi-Construction of the solar dryer
cantly, the quality of dried product obtained byAs already mentioned the dryer comprised four
solar drying is better than that of sun dryingmajor componentsThe following subsection
(Seveda, 2013). provides a description of the components.
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Fig. 2: Experimental set up of the constructed solar dryer with backup heater

The collector, drying chamber, chimney and x 630 mm and it has a transparent co\a;
backup heater sorber plate and insulation. The transparent
The collector cover was made from a single layer glass of 5
The collector’s length and breadth &15mm  mm thickness. Aluminum sheet of 2 mm thick-
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ness, painted black, was used as an absorb@his cover was well insulated using 2 cm thick-

To minimize heat loss from the absorber platefjber glass. Cold air, which passed through the
3 mm thick fiber glass insulation was used. Théot metal duct picked up heat from the hot

collector casing was made from wood and plymetal surface and transferred it to dry the fruits.

wood. The air inlet opening was covered withThe smoke from the heater escaped through a
mosquito net to prevent insect entry into theehimney, which was connected at the top of the
drying chamber where the fruits are dried. Acover. Once the smoke from the charcoal had
sliding door was designed and constructed tlown out, the chimney is covered to prevent

control airflow into the drying chamber. the escape of heat.

Thedrying chamber Production and running costs

The drying chamber was made from plywoodThe total cost of producing the solar dryer with
and wood support. It has three trays— top tragackup heater was GH1050 (US$ 330) in
(Tray 1), middle tray (Tray 2) and bottom trayFebruary 2015. Since the solar dryer depends
(Tray 3), each of size 60 mm x 50 mm. Theprimarily on energy from the sun which is free,
trays were made from perforated stainless ste#te recurrent energy cost would be estimated as
sheet. Stainless steel was chosen to avoid rustllows based on the use of biomass in the form
ing and contamination of the fruits during dry-of charcoal - If 300g of charcoal costing GHC
ing. On one side of the chamber, a circulaf.5 (US$ 0.16) is fed into the backup heater
hole of 10 mm diameter was made to allow hoevery two hours during day time (06:00 to
air from the burning of charcoal pass through 48:00 hours), then the estimated cost would be
metal pipe into the chamber as backup duringS$ 0.16 x 12 hours x charcoal fed/2 hours =
drying. A sliding door was designed to coverdS$ 0.96. Again, charcoal fed into the backup
the hole when the stove was not connected. Ateater after sunset (18:00 to 06:00 hours) is
the back of the drying chamber, a door wagstimated to cost US$ 0.16 x 12 hours x char-
provided for loading and removal of dryingcoal fed/1 hour = US$ 1.92. Hence, the total

materials. cost of charcoal/day is estimated at US$
0.96+US$ 1.92 = US$ 2.88/day for an esti-
The chimney mated quantity of charcoal of 5.4 kg/day. Since

The chimney was constructed from 1mm galvathe price of charcoal varies from locality to
nized sheet that was rolled and welded to a 1I6cality and the price is cheaper in rural com-
mm diameter cylinder. A cup was placed at thenunities, the recurrent cost of the solar dryer
top of the chimney to prevent rain from enterwith biomass backup when it is used in rural
ing the dryer. The chimney was painted blachkocations is estimated to be 40-50% of the price
to facilitate the flow of hot air through the dry- of charcoal sold in the city, implying a running

ing chamber. cost of about US$ 1 - 1.44/day. In summary,
the running cost of the solar dryer with biomass
The biomass backup heater backup would be US$ 1 - 2.88/ day.

The biomass backup heater uses charcoal as

fuel. A Jicotype improved cook stove with Material preparation for drying

ceramic lining known asGyapa” was used. Fresh pineapples and mangoes were obtained
To avoid smoke and flue contamination of théfrom the local market in Kumasi. They were
fruits the heat supplied from the cook stove tavashed, peeled and sliced into pieces. Accord-
the drying chamber was collected through ang to Solar Flex (2013), slices for very wet
cylindrical metal duct, which connects thefruits like pineapple should not be more than
backup heater to the drying chamber. The metalpproximately 5 mm thick. On the other hand,
duct was welded at the center of a cylindricaFAO (1997) suggests the slice thickness for
cover, which was used to trap theat. pineapple should be 2-3 mm. For the perform-
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ance tests, average slice thickness of 4 mm @fithout the backup heater was evaluated focus-
pineapples and mangoes were used. The slicéty on moisture content, temperature and dry-
pineapples and mangoes were placed separatéhg rate. No-load and load test were performed
on single layer trays — top tray (Tray 1), middleseparately. During the no load test the solar
tray (Tray 2) and bottom tray (Tray 3) to avoiddryer was tested without any fruits. The load

the trapping of moisture at the tray edges. test of the solar dryer was carried out using 1
kg each of the fresh slices of pineapples and
Instrumentsused for data collection mangoes. The slices were put on three separate

The parameters measured during the evaluati@ingle-layer trays. This helped to avoid overlap-
of the solar dryer included moisture contentping and ensured uniform drying.

temperature and drying rate. The temperature

and humidity inside the dryer and collector ag-rom the different tests carried out it was found
well as the ambient temperature were measurdtat 2-2.5kg of pineapples of 5-8mm diameter
using Tinytag data loggers, EasyLog — USB &nd 1.5-2.5kg of mangoes could be dried in a
and HI 91610C Thermo-hygrometer. The therbatch. Ambient temperature and humidity,
mometer and the hygrometer were set to recomyer temperature and collector output tempera-
data every one hour. At the end of each testure were recorded every one hour interval,
the thermos-hygrometer was taken out and thehile the weight of the produce kept in the
data was transferred to a computer. Solar Poweryer was measured every three hours interval.
Meter TM-206, TENMARS was used for meas-The drying rate was also determined. In each
uring the solar insulation and EA-3010U Ane-test, drying continued until no further weight
mometer was used for measuring wind speededuction was recorded. Table 1 shows the dry-
Additional data was also obtained from a Solaimg conditions.

Laboratory of KNUST. The weighing scale

used was SOEHNLE. The initial weight of theOven drying was used to determine the initial
fruits to be dried was weighed before placing irmoisture content of the pineapples and man-
the dryer. Once the drying started, the producgoes. Moisture loss of the pineapples and man-
being dried was taken out from the dryer evergoes were determined in the course of the dry-

three hours for the weight to be measured. ing by noting the initial moisture contents and
measuring weights at regular intervaMois-
Dryer performance evaluation tests ture content was determined on wet basis and

The performance of the solar dryer with anddry basis. The moisture content on wet basis

Table 1: Drying conditions

Weight per batch of sliced fruitsdried 1kg/tray

Wind speed 0.3-2.1 m/s
Ambient temperature 27-%2
Relative humidity outside 79.7%
Relative humidity inside drying chamber 21.9%
Average daily solar insolation 394.8 W/nm
Location of study Kumasi, Ghana
Latitude 6°42'N
longitude 157'W
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was calculated using equation (1) (Fudholi, inlet to the drying chamber was 584 This

2011): indicated the temperature of streaming hot air
w—d 1 that was likely to flow to the drying fruits. Dur-

MC (w.D.), % = = 100 (1 ing the no-load test the cabinet was empty

w therefore the air temperature in the drying

) . o ~ chamber rose from 3@ at 08:00 hours to
Dry basis moisture content is given by equationsq 1.53 9c at mid-day as shown in Fig. 3(a).
(2) (Mercer, 2007): A similar value was reported by Svenneling
MC (d.b.) g water / g dry solids: w—d (2) (2012) for an indirect solar dryer where the
d temperature rise in the drying chamber reached
50°C by mid-day.
Where, w = weight of wet material
d = weight of dry material When the ambient air temperature waSC3ét
mid-day, the average air temperature measured
Another significant test that was carried outn the drying chamber was 52 - a tempera-
was the evaluation of the performance of theure elevation of about ¥6 above ambient air
solar dryer with the backup heater. The backugemperature. This value was relatively high
heater supplied heat from 300g of burning chareompared to an indirect solar dryer constructed
coal to the drying chamber. All measurementdy Antwi (2007) who reported a temperature
taken in the test were repeated to ensure consigse of 6.9C above ambient air temperature. A

tency. similar indirect solar dryer test performed by
Alonge and Adeboye (2012) resulted in a dry-

RESULTSAND DISCUSSION ing chamber air temperature of 48 when the

No-load test ambient air temperature was89 A relatively

During the no-load test the solar dryer wasigh drying chamber temperature of 570
tested without any fruits. The ambient air temwith ambient air temperature of 33°& was
perature averaged 34Q The average air tem- reported by Bolaji (2012) who designed a box
perature measured at the inlet of the collectaype indirect crop dryer.

was 41.8C and at the outlet of the collector or
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Fig. 3(a): No-load air temperature and time graph
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In the evening, the temperature in the dryinghe pineapples was reduckdm 87%to 16%
chamber was kept higher than the collector ofw.b.) or 6.69 g HO/g solids to 0.19g }D/g
ambient air temperature by supplying heat fronsolids (d.b.) as in Fig. 5 within 23 sunshine
the backup heater. As a result, the temperatuteurs (3 days) (see Figs 4 and 5). The value of
on the bottom tray (tray 3) could rise from 41.%he final moisture content falls within the stan-
°C to 50.8C in two hours (19:00 to 21:00 dard range set by United Nations (2013a). Ac-
hours) of backup heat supply. The averageording to this standard, untreated dried pineap-
dryer temperature was found to be 4Z.8 ple should have final moisture content not ex-
whereas the average ambient air temperatumeeding 18% (wet basis). As the inlet air passes
was about 24°%Z. A higher temperature was through the collector and enters the drying
recorded on the bottom tray (tray 3),which ischamber, it rises up in the drying chamber and
near to the point where heat is supplied fronpicks up moisture from the fruits on the tray.
the charcoal stove. To maintain this temperafhis results in moisture loss of the pineapples.
ture, 300g of charcoal, costing 60.5 (US$ In order to reduce moisture re-absorption after
0.16), was fed to the stove every one hour intessunset the drying chamber was kept closed us-
val starting from 18:00 to 21:00hours. Aftering the sliding doors. Even though the dryer
sunset (19:00 to 02:00 hours), the collectowas closed during the night, it was observed
temperature decreased from 3@5%0 23C and that moisture re-absorption occurred at the end
ambient air temperature also decreased fromwf the drying period. As a result, the moisture
26.9°C to 23C as depicted in Fig. 3 (b). content of the pineapples being dried increased
from 15.7% to 18.2% over the night of the third
Solar drying without biomass backup heater  to fourth day as shown in Fig. 4.
M oistur e content of pineapple with time
Figs. 4 and 5 show the graphs of moisture corBrying of mangoes
tent of pineapple with time on both wet basidn solar drying of the mangoes, as shown in
and dry basis when solar energy was the onlligs. 6 and 7, the moisture content of the fruit
source of heat supplyhe moisture content of was reduced from 85.0 % (w.b.) to 13.3 %

60
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% 30 - \ == Collector
2 Tray 1
£ 20 -
= === Tray 2
10
Tray 3
0 T T T T T T T 1
19:00 20:00 21:00 22:00 23:00 0:00 1:00 2:00

Time
Fig. 3(b): No-load air temperature and time using backup heater
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Fig. 5: Moisture content of the pineapples and time

(w.b.) or 5.67 g HO/g solids (d.b.) to 0.15g tested by Akoyet al(2004) reported a moisture
H,O/g solids (d.b.) in two days. This value isreduction from 81.4 % to 10 % w.b. in two
consistent with United Nations (2013b) that setlays when drying mango. Lower moisture con-
the final moisture content for a dried mango tdent of 10% was achieved within the same dry-
be about 15 % (wet basis). A natural convecing period as compared to the current dryer
tion direct type solar dryer constructed andtonstructed. This can be attributed to the fact
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Fig. 7: Moisture content of the mangoes and time

that a higher drying temperature was recordedf the third day of drying. This resulted in
in the dryer as a result of direct exposure to theoisture re-absorption of about 1.5%.

sunlight or direct type of solar dryer. Although

the drying continued up to the fourth day, ndDrying of pineapples and mangoes

moisture loss was observed after the secoreig. 8 shows the graphs of moisture content of
day. Re-wetting occurred during the night timemango and pineapple with time. From the
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graphs, the mangoes lost moisture faster thamgoes than pineapples.

the pineapples. The results showed that it took

about 18sunshine hours (2 days) for the manSolar drying with backup heater

goes to reduce moisture content from 85% t®rying of pineapples

11.6%, while in the case of thgineapples Solar drying with backup heater can provide a
moisturereduction from 87% to 16% occurred relatively fast drying as compared to solar dry-
in 27 sunshine hours (3 days). The implicationng without backup heater. The graph in Fig. 9
is that less drying time is required to dry mashowed that it took about 20sunshine hours
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Fig. 8: Moisture content of the mangoes and pineapples with time
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Fig. 9: Moaisture content of the pineapple and time using solar dryer with backup heater
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(2.5 days) to reduce the moisture content of thand without the backup heater are indicated in
pineapples from 87% to 16% (w.b.). AboutFigs. 11 and 12. From the graphs, moisture loss
300g of charcoal costing GHC 0.5 (US$ 0.16pccurred faster when the solar dryer was used
was supplied every two hours interval duringwith the backup heater. The results indicated
daytime and every one hour during eveninggradual reduction in moisture content from 87
The result obtained in this test was comparabl® 77% for the pineapples and from 85 to 70%
to the findings reported in Elepano and Satairgfor the mangoes within the first 5 hours of dry-
pan (2001). In this paper, it took 18 hours for ang. From the graphs, it is seen that from mid-
solar dryer with biomass back up to dry pineapeay to sundown the rate of moisture reduction
ples from a moisture content of 85% to 20%ncreased for both fruits when the solar dryer
(w.b.) at an average drying temperature of 6@vas used with the backup heater. After continu-

°C. ous drying of the pineapples with backup
heater, on the second day, the moisture content
Drying of mangoes of the pineapples reduced from 26.8% to 22.3%

Similarly, from the graph shown in Fig. 10, itaround mid-day (Fig. 11), while using the solar
took about 14 sunshine hours (2 days) to reduayer alone without the backup heater the mois-
the moisture content of the mangoes from 85%ure content of the pineapples reduced from
to 11.6% (w.b.). About 300g of charcoal cost58.2% to 40.3% within the same time interval.
ing GHC 0.5 (US$ 0.16) was supplied everyOverall, moisture loss continued in both the
two hours interval during day time and everysolar dryer with backup and solar dryer without

one hour during evening. backup. However, it is likely that re-wetting
and moisture absorption occurred overnight

Solar drying with and without backup from 17:00 hours in Day 2 to 09:00 hours the

heater next morning, hence the sudden rise in the

The moisture contents of the pineapples andryer with backup graph.
mangoes with time using the solar dryer with
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Fig. 10: Moisture content of the mangoes and time using solar dryer with backup heater
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Fig. 12: Moistur e content of the mangoes and time using solar drying with and without backup

heater

In the case of the drying of mangoes, the moigure reduction is likely to be enhanced in a solar
ture content measured around mid-day indidryer with a backup heater.

cated 23.2% for solar drying with backup,

while solar drying without back was 27.6%Drying rate

(Fig. 12). The graphs have indicated that moisThe drying rates of the pineapples and mangoes
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using the solar dryer with and withdosickup with back up heater dries about 13-14% faster
heater are presented in Table 2 below. Usinthan without back up heater.
the solar dryer without backup heater, the dry-
ing rate of the pineapples was measured to E@BONCLUSION
23.7g/h whereas for mango it was 15.5g/hSolar dryer with a biomass backup heater was
However, a higher drying rate was obtainedlesigned and constructed using locally avail-
when the solar dryer was used with backumble materials. The biomass backup heater,
heater. The study results showed that withvhich was adapted from a charcoal stove to
backup heater, the drying rate of pineappleserve as a heating component with the purpose
increased to 32.5g/h and that of the mangoes supplying continuous heat for drying after
also increased to 19.3g/h. Olaniyan and Adeoysunset and cloudy periods. The solar collector
(2014) reported of a drying rate of 25g/h whercould attain a maximum air temperature of
charcoal-fired dryer was used for drying a wetaibout 86C when the peak solar radiation was
produce such as tomato. 930 W/nf. Under no-load condition, the aver-
age collector temperature was 5&€4the aver-
Further, the drying rates for each test in termage drying chamber temperature as %3.8ith
of the grams of solids present in the sample ammbient temperature of 37@& In theevening
given in Table 3. The Table shows the dryingafter sunset) when the biomass backup heater
rate of pineapple and mango in dry solid mattewas used, a relatively high average temperature
for different modes of drying. When the dryerof 50.8C was measured in the drying chamber.
was used with backup heater the drying rate ofhis indicated that the temperature in the dry-
the pineapples was 13.1% higher than usingng chamber was raised above the ambient tem-
solar drying alone and 13.8% higher in the casperature creating a suitable condition for dry-
of mangoes. The implication is that solar dryingng.

Table 2: Drying rate of the pineapples and mangoes with and without backup heater

Type of test Drying rate (g of H,O removed/g solids'h)
Pineapple Mango
Solar drying alone 23.7 15.5
Solar drying with backup heater 325 19.3

Table 3: Drying rate of the pineapples and mangoes with and without backup

Drying rate (g of H,O removed/g solids’'h)

Typeof Test )

Pineapple Mango
Solar drying alone 0.848 0.973
Solar drying with backup heater 0.976 1.130

day and night
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The performance of the dryer was evaluated brid solar-gas crop dryer. M.Sc. Thesis. Uni-

using pineapple and mango in which the mois- versity of Cape Coast, Ghana,. Available

ture content of the sliced pineapples reduced online at <http://ir.ucc.edu.gh/dspace/

from 87% to 16% and sliced mangoes from handle/123456789/441>. [02 October 2014]

85% to 15.5%. On average, solar drying with

backup took 2 days to attain the desired moisBolaji, B. O. (2005). Development and per-

ture content, while that without took 2-3 days. formance evaluation of a box-type absorber

With biomass backup heater, the drying rate for solar air collector for crop dryingournal of

pineapples was 32.5g/h and 19.3g/h for man- Food Technology3(4): 595-600.

goes, while without backup the drying rate was

23.7g/h for pineapples and 15.5g/h for manBrenndorfer, B., Kennedy, L., Oswin Bateman,

goes. Better dryer performance was obtained C. O., Trim, D. S., Mrema, G. C. and Wereko

when the dryer was used with a biomass -Brommy, C. (1987). Solar dryers: their role

backup heater. Given that the dryer could dry in post-harvest processing "{2edn.), The

both fruits with moisture contents of 85% and Commonwealth Secretariat, London. ISBN 0

87% implies that the solar dryer can dry other 85092 282 8.

crops that have less moisture content than man-

goes and pineapples. Elepano, A. R. and Satairapan, K. T. (2001). A
solar-biomass dryer for pineapple: Proceed-
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