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Abstract
The purpose of this research is to develop a hot air dryer using waste heat from
a200 liter kiln for drying bananas, and to investigate its drying performance.
The main parts of the dryer consist of the drying chamber that has dimensions
0.71×0.83×0.91 m3, the air circulation system and a heat exchanger, which receives
waste heat from the exhaust tube and kiln surface. The dryer was developed by
designing a drying chamber on the top of a 200 liter kiln to reduce heat lost in the
structure and an exhaust gas heat exchanger was developed using groups ofcopper
tubes for increasing then heat transferred to the air. The drying performances were
DQDO\]HG E\ PHDVXULQJ VSHFL¿F GU\LQJ UDWHV DQG VSHFL¿F HQHUJ\ FRQVXPSWLRQ
Experiments were performed under different temperatures of 60, 70 and 80 oC
and at a constant velocity of 1.8 ms-1. Eucalyptus was selected as the heat source.
Thirty kg of peeled bananas were prepared at an initial moisture content of
  GU\ EDVLV DQG ZHUH GULHG XQWLO WR ¿QDO PRLVWXUH FRQWHQW RI
48.47±10.46 % dry basis. All experiments were carried out in duplicate. For
temperatures of 60, 70 and 80 o & WKH DYH DJH VSHFL¿F GU\LQJ UDWHV ZHUH
0.085±0.0004, 0.114±0.0009 and 0.1277±0.010 kg water h -1 kg solid -1 and the
DYHUDJHVSHFL¿FHQHUJ\FRQVXPSWLRQVZHUHDQG
MJ/kgwater respectively. Some dried bananas had burned at a temperature of 80 oC
so at temperature of 70 o C was the optimal condition in this experiment.
7KLV SURGXFHG JRRG FRORU D KLJK VSHFL¿F GU\LQJ UDWH DQG ORZ VSHFL¿F HQHUJ\
consumption.
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1. Introduction
Hot air is dry air, which is used for
many dried products to remove the water
from the raw material of the dried
product. Electrical energy is a heat source
that is easily to use and to control. Heater
drying converts electric energy to heat
energy for increasing the air temperature.
Next, a new technology heat pump was
developed in the dryer with a closed loop
air system, and low temperatures of about
60 oC [1]. This technology uses power
from electrical energy and results in
energy saving from heat recovery from
the heat pump dryer. A disadvantage
of the two dryers is that, they will increase
the cost of increasing air temperature
in the drying process.
Dried bananas are used for eating
and are agriculture goods. One way to
dry bananas is to use a solar heat source,
just let them to dry in the sun. This way
is the easiest method and does not include
payment. This drying method uses a
drying time of about 5-7 days and the
dried bananas are likely to be contaminated
with powder and insects. To speed up
the drying a parabola dome is developed
for drying clean banana. This has the
advantage of also protecting the bananas
from dust and insects. Parabola dome
drying usually takes about 4 days [2], [3].
This can be a problem during the rainy
season. If the rain falls continuously
more than 2 days the bananas will be lost.
Fuel wood is a widely available
renewable energy source from biomass

and it is a raw material for producing
charcoal. A charcoal is used to cook food
in the everyday life. A 200 liter tank
would be widely used in industry,
such as the chemical, painting and oil
industries. They are generally used as
waste tanks. These tanks are therefore
cheap and small and can modify into
a charcoal kiln. It is new technology
for charcoal production and is called the
name of a 200 liter kiln [4]. This
technology is easy to build, has low cost
and produces high charcoal quality. A
production step has excess heat with
exhaust gas and loss from around the
200 liter kiln. Chunkaew et al. (2017)[5]
focused on the waste heat from the kiln
together with the exhaust heat to dry
bananas. The exhaust gas heat exchanger
was made from a 4 inch diameter steel
WXEHZLWKUHFWDQJXODU¿QVWRLQFUHDVHWKH
heat transfer area. The kiln surface and
insulated six steel walls had a heat
exchanger. The performance of dryer
was performed under different air
velocities 0.6 and 1.8 ms-1 and a drying
temperature at 60±4 o C. The best
condition in this experiment was the
air velocity of 1.8 ms-1. Drying process
EHIRUH ÀDW EDQDQD IRXQG WKDW KDG ORQJ
time so the charcoal product could not
produce. Finally, the dryer could not
increase it’s temperature by more than
60 oC because more heat is lost via the
air ducts and structures. In this research,
a developed hot air dryer by using waste
heat from charcoal production process
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of a 200 liter kiln was used for drying
peeled bananas by designing a drying
chamber to put on the top of a 200 liter
kiln to reduce the heat lost in the
structure and the exhaust gas heat
exchanger, was developed. The drying
performance was investigated at various
the temperatures greater than 60 oC to
¿QG WKH RSWLPDO FRQGLWLRQV 6SHFL¿F
energy consumption of this paper was
calculated from the electric energy used
for the blower motor in unit of MJ/kgwater.
It had not included energy of eucalyptus.
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door with a pocket was installed.
The pocket was used to start the burning
wood in the kiln. At a high enough
WHPSHUDWXUH WKH ZRRG FRXOG VHW ¿UH WR
itself. The slide valve was used to control
the drying temperature as shown in
Fig. 2B.

2. Materials and Methods
2.1 Experimental apparatus
Fig. 1 illustrates a developed hot
air dryer using waste heat from the
charcoal production process of a 200
liter kiln. The drying chamber had
dimensions of 0.71x0.83x0.91 m3 and
was installed on the top of a 200 liter
kiln. It could contain a maximum of 6
trays of 30 kg of peeled bananas. The air
circulation system used a blower with
a 0.5 horsepower motor. The velocity
of air could be adjusted by using an
inverter. Two heat exchangers, one on
the exhaust gas and another around
the kiln surface were designed for
wasteheat recovery. The exhaust gas
heat exchanger was made from a group
of copper tubes as shown in Fig. 2A.
Heat exchange too place between the
kiln surface and six insulated steel walls.
At the front side of the kiln a small

1. Outlet hole of wood vinegar, 2. Inverter,
3. Blower motor, 4. Blower, 5. Air duct, 6. Inlet
ambient air, 7. Exhaust gas heat exchanger,
8. Outlet exhaust gas, 9. Drying chamber, 10. Kiln
surface heat exchanger and a 200 liter kiln and
11. Exit air

Fig. 1 Apparatus of a developed 200
liter kiln waste heat recovery system
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A) Exhaust gas heat exchanger
A) Peeled bananas

B) Kiln surface heat exchanger
Fig. 2 Exhaust gas heat exchanger and
kiln surface heat exchanger
2.2 Materials
30 kg of peeled bananas were dried
at a time. The initial moisture content of
the peeled bananas was 241.19±31.50 %
on a dry basis as shown in Fig. 3 A). The
bananas were shaken put on trays and
placed in the drying chamber. The dryer
ZDVVWRSSHGZKHQWKHEDQDQDVZHUHÀDW
The bananas were kept in a container for
KRXUVDQGFRDWHGZLWKDKRQH\HGÀXLG
ZKLFK FRPHV IURP WKH ÀDW EDQDQDV
Finally, the bananas were dried until
D¿QDOPRLVWXUHFRQWHQWRI
dry basis [6] as shown in Fig. 3 B).

B) Dried bananas
Fig. 3 Peeled bananas and dried
bananas in drying chamber
Eucalyptus and charcoal burning
technique, eucalyptus was selected to
use to generate heat as the eucalyptus
would reduce the moisture content of
the surrounding air in the time period
of 3 weeks as shown in Fig. 4. The
charcoal burning technique for a 200 liter
charcoal kiln was used in this study [4].
Firstly, the eucalyptus was cut to about
80 cm of length and was put in a 200 liter
charcoal kiln. The smaller eucalyptus
was placed on the bottom with the
larger eucalyptus on top. The length
of eucalyptus had taper shape so the
big side of eucalyptus should arrange
at the front of a 200 liter charcoal kiln.
Secondly, the cover of kiln was closed
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and the hot gas from burning wood at
WKH SRFNHW ZRXOG ÀRZ LQ WKH NLOQ DQG
the moisture content of the eucalyptus
was reduced over 2-3 hours. Next, the
eucalyptus in the kiln could burn and a
slide valve was used manually operated
to control the temperature in drying
chamber. Thirdly, the more smoke was
a brown color because of the wood
vinegar. Next, the smoke was a blue
color while the eucalyptus was
converting into charcoal. Finally, the
cooling process was achieved by
closing outlet exhaust and inlet air of
the kiln.

Fig. 4 Eucalyptus
2.3 Experimental procedure
The experiments were performed
at different temperatures (60, 70 and
80 oC) and at a constant velocity 1.8 ms-1[5]
with a partially closed loop air system.
90% of the air was recycled in these
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tests [7]. The slide valve of a 200 liter
kiln was used to control the burning
eucalyptus in the kiln allowing control
of the air temperature in the drying
chamber. The weight of the bananas
was recorded every 0.5 hour with a
digital balance (±0.01 kg). A temperature
recorder (BTM-4208SD) was used to
measure several temperatures in the
dryer, such as the kiln temperature (1),
outside kiln surface temperature (2),
outlet temperature of the insulated wall
(3), outlet temperature of the heat
exchanger on the kiln surface (4), inlet
blower temperature (5),inlet exhaust
temperature (6), outlet blower temperature
(7), inlet drying chamber temperature (8),
outlet exhaust temperature(9), inlet
temperature of the heat exchanger on the
kiln surface (10) and ambient temperature
(T amb) as shown in Fig. 5. Relative
humidity at the two inlet heat exchangers
and the relative humidity of the ambient
air were measured using a digital
hygrometerseries 485. An anemometer
(Velocicalc plus model 8385-M-GB)
was used to measure the air velocity.
The energy consumed by the blower
motor was recorded in kW-h meter.
All experiments were carried out in
duplicate.
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W = humidity ratio (kgwater kgdry air-1)
Cv  VSHFL¿F KHDW FDSDFLW\ RI YDSRU
(kJ kg-1oC-1)
T1 = temperature at inlet of dry air at
heat exchanger (oC)
T2 = temperature at outlet of dry air at
heat exchanger (oC)

(CV. is control volume)
Fig. 5 Diagram of the dryer air
circulation system
2.4 Analysis methods
The pattern of the heating rate at
the heat exchanger was calculated and
the drying performance was dependent
RQ DVSHFL¿FGU\LQJUDWHDQGDVSHFL¿F
amount of energy consumption.
2.4.1 Heating rate of heat exchanger

7KHÀXLGÀRZVRISURFHVVLQJGULHG
banana are dry air and vapor. The heating rate
can be calculated as shown below:
Qh = ma ((Ca2T2+WCvT2)–(CalTl + WCvtl))
(1)
when
Qh = heat transferred to the air (kW)
ma
 PDVVÀRZUDWHRIGU\DLU NJV-1)
Ca1  VSHFL¿FKHDWFDSDFLW\RIGU\DLURI
inlet heat exchanger (kJ kg-1oC-1)
Ca2  VSHFL¿FKHDWFDSDFLW\RIGU\DLURI
outlet heat exchanger (kJ kg-1oC-1)

ma = ȡAv
when
ȡ = density of dry air (kg/m3)
A = cross section area (m2)
v
= velocity of dry air (ms-1)

(2)

The Ca will change with temperature
(T) as shown in equation (3) [8] and Cv is
1.88 kJ/kg oC [9].
(3)

6SHFL¿FGU\LQJUDWH

6SHFL¿F GU\LQJ UDWH SDR) can be
GH¿QHGDV
(4)
when
DT = drying time (h)
md = dry bone mass of product (kgsolid)
6SHFL¿FHQHUJ\FRQVXPSWLRQ

6SHFL¿FHQHUJ\FRQVXPSWLRQ SEC)
FDQEHGH¿QHGDV
(5)
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when
2.6 = an electrical factor for converting
to primary energy [10]
Qb = energy consumed by the blower
motor (kWh)
3.6 = constant for converting kWh to
MJ

3. Results and Discussions
The heating rate behavior, the
EHKDYLRURIWKHVSHFL¿FGU\LQJUDWHDQG
WKH EHKDYLRU RI WKH VSHFL¿F HQHUJ\
consumption are presented.
3.1 The heating rate behavior
Fig. 6 shows the heating rate of the
kiln surface exchanger and Fig. 7 shows
the heating rate of the exhaust gas heat
exchanger at a drying temperature
of 70 oC. For a period of 0-5 hours, the
moisture content in eucalyptus was
evaporated by heating from burning
wood in the kiln. The heating rates of
the kiln surface exchanger and exhaust
gas heat exchanger were increased and
were beginning to stabilize because
charcoal production was taking place
and the drying temperature was being
manually controlled via the air valve.
The heating rate of the exhaust gas heat
exchanger increased with drying time
because the eucalyptus in kiln began
burning and the temperature of the
exhaust increased. After 5 hours, the

Fig. 6 Heating rate of kiln surface
related to time at drying temperature
70 oC with air velocity 1.8 ms-1

Fig. 7 Heating rate of exhaust gas heat
exchanger related to time at drying
temperature 70 oC with
air velocity 1.8 ms-1
heating rate of exhaust gas heat exchanger
decreased, air valve was closed. The
average heating rate of the kiln surface
KHDW H[FKDQJHU EHIRUH ÀDW EDQDQD KDG
14.48±6.84 kW and the drying time before
ÀDW EDQDQD ZDV  KRXUV7KH
average heating rate of the exhaust gas heat
exchanger was 1.54±1.08 kW. After
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drying the bananas (approximately
12 hours) the process was repeated
using new eucalyptus. The heating
rate behavior of heat exchanger found
WKDW GU\LQJ ÀDWWHQHG EDQDQDV WRRN
less time than drying bananas that were
ÀDWWHQHG DIWHU WKH GU\LQJ SURFHVV 7KH
drying temperatures of 60 and 80 oC
had the result tendency same the
temperature 70 oC but heating rate of
heat exchanger increased with
increasing the drying temperature as
shown in Table 1.
7KHEHKDYLRURIVSHFL¿FGU\LQJUDWH
Fig. 8, the experimental results for
the three temperatures showed that the
VSHFL¿F GU\LQJ UDWH LQFUHDVHG IURP 
KRXUV DQG DIWHU  KRXUV WKH VSHFL¿F
drying rate decreased. This resulted in
D SHDN VSHFL¿F GU\LQJ UDWH RI  KRXUV
because the air temperature increased
with drying time and the water with in
the bananas was easy to evaporate.
After 5 hours, the bananas did not have
the water near surfaceso the water inside
EDQDQD ZDV GLI¿FXOW WR GLIIXVH :KHQ
drying bananas, at three temperatures,
DIWHU ÀDWWHQLQJ WKH VSHFL¿F GU\LQJ UDWH

ZDVORZHUWKDQGU\LQJSULRUWRÀDWWHQLQJ
the bananas. This is because the banana
KDG D ÀXLG KRQH\OLNH FRDWLQJ WKDW
stopped the water inside banana from
freely evaporating.
 7KH EHKDYLRU RI VSHFL¿F HQHUJ\
consumption
Electric energy which was not
waste heat was record and analyzed.
The energy from the eucalyptus was
not recorded. Fig. 9, the experimental
results of three temperatures before
ÀDWWHQLQJ WKH EDQDQDV VKRZHG WKDW WKH
VSHFL¿F HQHUJ\ FRQVXPSWLRQ LQFUHDVHG
over a period of 0-2 hours and after 2 hours
WKH VSHFL¿F HQHUJ\ FRQVXPSWLRQ
decreased. The result was related to
water removal from the bananas. The
experimental results of three temperatures
DIWHUÀDWEDQDQDIRXQGWKDWWKHVSHFL¿F
energy consumption increased over a
period of 0-2 hours between 5 to 7 MJ
kgwater-1 DQG DIWHU  KRXUV WKH VSHFL¿F
energy consumption decreased with
drying time because the water inside
EDQDQDV ZDV GLI¿FXOW WR HYDSRUDWH
while the energy consumption rates of
electric energy was constant.
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Fig. 86SHFL¿FGU\LQJUDWHVRIGU\LQJ
temperatures 60, 70, 80 oC with air
velocity 1.8 ms-1 related to time
Fig. 96SHFL¿FHQHUJ\FRQVXPSWLRQVRI
drying temperatures 60, 70, 80 oC with
air velocity 1.8 ms-1related to time
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Table 1, at a constant velocity of
1.8ms-1 and at various air temperatures
the bananas had an initial moisture
content of about 241±31.50 % dry basis
DQG ZHUH GULHG XQWLO WR ¿QDO PRLVWXUH
content was about 48.47±10.46% dry
basis. The heating rate of the exhaust
gas heat exchanger, the heating rate
of kiln surface heat exchanger and the
VSHFL¿F GU\LQJ UDWH EHIRUH ÀDWWHQLQJ
the banana, increased with an increase

in the air temperature. Increasing air
temperature affected an increase in the
water vapor pressure inside the banana
and thus resulted in higher mass transfer
FRHI¿FLHQWV7KHLQOHWDLUYDOYHRID
liter kiln was opened in relation to the
set drying temperature. To increase the
air temperature, the inlet air valve
opening was increased and the
eucalyptus burns more in the kiln.

Table 1 The calculation values of the experimental results for dried banana at a con
stant velocity of 1.8 ms-1
Description
Heating rate of exhaust heat exchanger
EHIRUHÀDWEDQDQD N: 
Heating rate of kiln surface heat exchanger
EHIRUHÀDWEDQDQD N: 
6SHFL¿FHQHUJ\FRQVXPSWLRQ6(& MJ kgwater-1)
6SHFL¿FGU\LQJUDWH6'5 kgwater h-1 kgsolid-1)
Eucalyptus (kg)
Charcoal (kg)
Final weight of product (kg)
Min (%dry basis)
Final moisture content (% dry basis)
'U\LQJWLPHEHIRUHÀDWEDQDQD K 
Total drying time (h)
Color of dried bananas

The amount of eucalyptus used to
increase with increasing drying time
using between 85 to 88 kg of eucalyptus.
7KH VSHFL¿F HQHUJ\ FRQVXPSWLRQ DQG
total drying time decreased with
increasing air temperature.The optimal
condition in this study was found to beat
70 oC which was considered from color

60 oC
0.71±0.40

13.82±6.63

1.42±0.055
0.085±0.0004
88±4.2
38±2.21
13.54±0.09
212.37±10.41
40.98±6.31

20±0.5
good

70 oC
1.54±1.08

14.48±6.84

1.21±0.035
0.114±0.0009
85±1.41
35.5±9.19
12.79±0.16
255.31±7.49
51.56±5.12

17.75±0.35
good

80 oC
1.69±1.35

15.55±9.03

1.04±0.074
0.127±0.010
87.5±2.12
36.5±3.53
13.13±0.38
241.48±51.80
49.12±18.32

15±1.41
Some bananas
were burned

TXDOLW\RIWKHEDQDQDVLQWKH¿UVW,WKDG
JRRG FRORU 1H[W WKH VSHFL¿F HQHUJ\
consumption at 70 oC was lower than at
60 o&DQGWKHVSHFL¿FGU\LQJUDWHDWoC
was higher than at 60 oC. The charcoal
results of three temperatures were
between 35-38 kg.
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4. Conclusions
This research developed a 200 liter
kiln for waste heat recovery to increase
the performance of the heat exchanger,
and investigated the optimal drying
conditions for drying 30 kg of peeled
bananas.
The biomass selected to generate
heat was eucalyptus.
Firstly, decreasing heat loss within
the structure of the drying chamber was
developed by modifying the top of a
200 liter kiln. Secondly, the exhaust gas
KHDW H[FKDQJHU ZDV PRGL¿HG XVLQJ D
group of copper tubes to increase the heat
transfer to the air. Finally, different
temperatures of 60, 70 and 80 oC at a
constant velocity 1.8 ms-1 were investigated
and were carried out in duplicate. The
bananas had an initial moisture content
of 241.19±31.50% dry basis and were
GULHG XQWLO WR ¿QDO PRLVWXUH FRQWHQW RI
48.47±10.46% dry basis. Before
ÀDWWHQLQJ WKH EDQDQDV WHPSHUDWXUHV
of 60, 70 and 80 oC had heating rates
at exhaust gas heat exchanger of 0.71±0.40,
1.54±1.08 and 1.69±1.35 kW and had
heating rates at kiln surface heat
exchanger of 13.82±6.3, 14.48±6.84 and
15.55±9.03 kW, respectively. These
results had greater heating rates than a
previous dryer made of a 200 liter kiln
waste heat recovery [5].At temperatures
of 60, 70 and 80 o&WKHVSHFL¿FGU\LQJ
UDWHVDQGWKHVSHFL¿FHQHUJ\FRQVXPSWLRQV
increased with increasing temperature.
The three temperatures could produce
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about 35-38 kg of charcoal. Some of the
dried bananas from 80 oC were burned
but at 60 and 70 oC they were not. A
temperature of 70 oC was the optimal
condition in this experiment. It produced
JRRG FRORU D KLJK VSHFL¿F GU\LQJ UDWH
DQGDORZVSHFL¿FHQHUJ\FRQVXPSWLRQ
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