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Abstract

The growing world population necessitated enhanced food availability and
reduced waste. Drying has been a popular technique for extending food
storage for a long time since it minimizes volume and lowers moisture and
enzymatic activity, reducing food loss. This project sought to create a
microcontroller-driven solar tunnel dryer designed for the prevalent rainfall
and elevated humidity conditions in Northeast India. The designed solar
tunnel dryer is equipped with two DHT22 sensors that assess ambient
humidity inside and outside the dryer, deciding whether to let airflow with
the environment or isolate it. It controls fan operation based on real-time
monitoring. The dryer has 12 trays on a six-tray structure that holds 100 kg
of sliced turmeric in every batch. An additional tray with a load cell was
provided to record turmeric weight during drying. Without any load, the
maximum internal temperature exceeded the outside by 27.1°C, while the
minimum internal humidity was 30% lower than external values. The
turmeric was dried from an initial moisture content of 71.62% to less than
10% (wet basis) over 101 hours and 40 minutes (5 days) with 28.63 effective
bright sunshine hours. The developed solar tunnel dryer's average efficiency
was 19.20%, demonstrating its ability to dry turmeric in Meghalaya, India.

Keywords
humid region; microcontroller; solar tunnel dryer; turmeric

Introduction

Despite climate change, limited agricultural supplies, and land scarcity,
feeding the expanding global population is a serious challenge (1). The
global population is projected to exceed 9 billion by 2050, requiring a 70%
increase in food availability from 2005-2007 to 2050. (2, 3). This population
growth is anticipated to be concentrated in developing countries (2, 4).
Food availability can be enhanced by boosting production and reducing
wastage, which amounts to approximately 1.3 billion tonnes annually (3).
Food losses primarily occur during consumption in developed countries,
but in developing nations, losses are predominantly associated with
postharvest procedures (3, 5, 6). These losses intensify food scarcity and
malnutrition in low-income countries (7). Post-harvest loss in developing
countries can be reduced to some extent by adopting proper drying
technology.

In northeast India, turmeric and ginger are important cash crops,
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particularly in Meghalaya. Open sun drying is common but
weather-dependent and susceptible to contamination.
Alternatives such as solar tunnel dryers are feasible, but
because of their performance and capacity, tunnel dryers
are more practical (8). However, the rainy climate of
northeast India, especially in Meghalaya, poses challenges
to conventional dryers. Research has explored
microcontroller-based systems to improve drying, yet
these solutions are limited in capacity and often require
auxiliary heating systems (9). The dried turmeric rhizome,
being hygroscopic, absorbs the moisture from the humid
air during the rain through the inlet and outlet. Hence,
there is a need to develop microcontroller-based solar
tunnel dryers that isolate themselves from the
surroundings during the rainy period. It is vital to control
the drying environment to maintain the product's quality
and improve the system’s efficiency (10). The airflow
between the dryer and the surrounding environment
depends on the moisture content of the air inside the dryer
and the environment. In this study, an attempt has been
made to develop a microcontroller-based solar tunnel
dryer to isolate itself from the surroundings during the
rainy period by detecting the moisture content of air inside
and outside the solar tunnel dryer.

Materials and Methods

A tunnel dryer with a microcontroller was developed for
drying turmeric at the Agricultural Engineering Section,
Division of System Research and Engineering, ICAR
Research Complex for NEH Region, Umiam, Meghalaya (25°
41'18.7 "N, 91°55'06.4"E). The dryer was evaluated from
November 2019 to March 2020.

Turmeric (Curcuma longa) harvested from the ICAR
Research Complex research farms for the NEH Region,
Umiam, Meghalaya, served as the study material for
evaluating the developed dryer. Harvesting typically
occurs from December to January in Meghalaya, with
drying activities spanning from December to April. The
turmeric was cleaned, washed, and boiled for 40 minutes
according to the standard methodology (11). Then, the
boiled turmeric was sliced into 5-8 mm thicknesses for
faster drying. The turmeric slices were then placed inside
the dryer, where the control system managed the drying
process until reaching the desired state for grinding.

Design of tunnel dryer

The tunnel dryer (6 m x 5 m) featured an elliptical roof
design with a height gradient ranging from 1.8 m to 2.8 m.
Heavy mild steel square pipe (25.4 mm) was used for
construction except for rafters made from mild steel flat
section (30 mm x 5 mm) and enclosed with UV-treated
diffused polyethene plastic sheeting (200 um thick). The
developed dryer accommodates 12 trays (measuring 1.5 m
x 1.5 m) made from lightweight and corrosion-resistant
aluminum sheets combined with aluminum wire mesh. Six
stands inside the dryer supported the trays. The developed
dryer has a capacity of 100 kg of raw, sliced turmeric per
batch. Schematic representations, including a Computer-
Aided Design (CAD) diagram and the physical installation,

are provided in Fig. 1 and 2, respectively.

The movement of fresh air from the surrounding
environment to the dryer and heated moist air from the

Fig. 2. Developed tunnel dryer (Location: Engineering section, DSRE, ICAR
Research Complex for NEH Region, Umiam, Meghalaya).

dryer to the surrounding environment was controlled by
an Arduino Mega 2560 with the help of DHT22 sensors, 12V
DC Fans (Sunon-EEC0381B1-0000-A99), and a Nema 23
stepper motor. The system has five 10W DC fans for air
exhaust and an air inlet system with a movable sliding flap
operated by a Nema 23 stepper motor.

Air movement was controlled based on the difference in
moisture ratio (g/m?® calculated using temperature and
relative humidity (RH) inside and outside the tunnel dryer
(equations 1to 8).

(Egn.1)
17.62T
e, (T) = 6.112 X ezsz.22+T (Eqn.2)
ey (.T) = f(p).e,.(T)
(Eqn.3)
f(p) = 1.0016 +3.15 X 10" °p — 0.074 x p~*
(Eqn.4)
—Hgh! (Egn.5)

p=p e ER['_'.'.'3+T'|
o
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9, =(2.83x 10774+ 456 X 1073 x H) X (273 +T) (Eqn.6)

— LOtH (Eqn.7)
iy

e=e, ' xH (Eqn.8)

X = (621.990?)(9) X p

(p=e) where,

ew(t) = saturation vapor pressure in
its pure phase (hPa)

e'w (p,t)= saturation vapor pressure of moist air (hPa)

e = actual vapor pressure of moist air (hPa)

p = pressure (hPa)

po = atmospheric pressure at mean sea level (101.325 hPa)
T =temperature (°C)

H = relative humidity (RH) in fraction

1 = molar mass of earth air (0.0289644 kg/mole)

g = gravitational acceleration (9.80665 m/s?)

h' = height difference (994 m)

R = universal gas constant for air (8.31432 N.m/(mol.k))
X =moisture ratio (g/m?)

An alphanumeric Liquid Crystal Display (LCD)
displayed temperature, RH, moisture ratio, and the
number of active fans. A cantilever-type load cell,
interfaced with the microcontroller, recorded drying
sample weights continuously. Real-time data, including
date, time, inside and outside RH, temperature, and
sample weight, were recorded every minute onto an SD
card module. A 100 Wp solar panel supplied power with a
50 Ah battery and charge controller. The block diagram of
the electronic system is shown in Fig. 3, and the developed
control assembly in Fig. 4.

The flow chart for controlling the number of active
fans and the inlet gate is depicted in Fig. 5. The dryer’s
system begins by checking the status of the SD card. Then,
it collects temperature and humidity data inside and
outside the dryer. The moisture ratios inside and outside
the dryer are calculated using this data. If the inside
temperature exceeds 55°C, the number of active fans is

Solar Panel

Charge Con ller
4 -
'|v“ | !l e ‘,.J

Battery
LCD

DHT22 i

&
G

Load Cell\nﬁé

SD Module

Fig. 3. Schematic diagram of the electronic system of the tunnel dryer.

Fig. 4. Developed control system of the dryer (a) Internal view and (b) Exter-
nal view.

adjusted by increasing or decreasing it by one based on
the previous inside temperature. When indoor humidity
reaches 95% or exceeds it, and outdoor humidity is below
98%, all five fans are engaged to evacuate the humid air
from the inside.

On the other hand, no fans will run, and the inlet
gate will be closed to restrict the entry of moist outside air
if the outside humidity is 98% or higher. Furthermore, the
number of active fans will be raised if the difference in
moisture ratio between the inside and outside of the dryer
is greater than before. The number of active fans will be
reduced if the moisture ratio difference is less than the one
before.

Measurement of parameters

Solar insolation at the study site was measured using a
pyranometer (Apogee SP-420), set horizontally on the
same plane as the dryer. Readings were taken at 15-
second intervals and averaged every 15 minutes. DHT22
sensors were utilized for temperature and relative
humidity (RH) measurements. One DHT22 was placed at
the center of the tunnel dryer to measure average inside
temperature and RH as there is minimal temperature
variance within the dryer, and lower RH levels were
revealed at the inlet and higher levels at the outlet (12). At
the same time, another was positioned outside within a
sheltered structure to prevent direct sunlight exposure. A
digital load cell (10 kg capacity) and the HX711 module
monitored the sample weight within the tunnel dryer. The
sample weight was recorded at minute intervals, with the
load cell positioned beneath a tray measuring 0.5 m x 0.4
m.

Performance evaluation

The system’s performance was evaluated based on drying
time and drying efficiency by using equations. 9 to 12.

(Eqn.9)
_ W-W,

d W, (Egn.10)
W-W,

My = " : (Eqn.11)
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Fig. 5. Flowchart for operation of fan and inlet gate of the dryer for controlling drying environment.

F,=XI'F, xt, (Eqn.12)

where,
, . _ My %8, W = Initial
Ef ficiency = (1xaxe)+(TE, (nipxppxen)+(pge) Weight of
the
sample,
g.

W, = Oven-dried weight of the sample, g.

mq = moisture content (dry basis)

my = moisture content (wet basis)

Fn = Active fan in a day, fan-hour.

Fi= Numbers of fans active in a particular duration.
ti = duration in which Fi fans are active, h.

Mue- Water evaporates, kg.

B = latent heat of water, kJ/kg.

| = solar radiation received inside the dryer through the
polyethene plastic sheet, w/m?2.

A = net surface area of the greenhouse dryer, m2.

n¢ = number of active fans.

ps= power consumption of a fan, W.

ps = power consumption by system excluding fan, W.

t=time,s.

Drying during the effective bright sunshine (more

than or equal to 120 W/m?) was considered for efficiency
calculation (13). The efficiencies were reported hourly to
smoothen the variation to some extent. An equal weight of
turmeric per unit tray surface area was loaded onto each
tray, including the sample tray, to ensure uniformity. The
samples dried on the tray with the load cell inside the
tunnel dryer were kept in an electric oven at 60°C for 48
hours to determine the final moisture content (14). This
final bone-dry weight was used to determine the moisture
content of the turmeric samples during the drying period.

Results and Discussion

The higher humidity at the research site creates difficulty
in maintaining a drying environment. In this situation, a
microcontroller-based solar tunnel dryer offered a distinct
advantage by continuously monitoring the dryer's inside
and outside temperature and humidity and controlling the
drying process by comparing internal and external air
moisture content (15). Based on this comparison, this
control mechanism enabled decisions to sustain or halt
drying. Evaluation of the dryer's efficacy focused on two
main parameters: time to reach desired moisture content
in turmeric and overall drying efficiency.

Fig. 6a and Fig. 6b represents the fluctuations
observed in temperature and RH levels inside and outside
the tunnel dryer without any loaded samples. It was
observed that the maximum inside temperature exceeded
the outside temperature by 27.10°C, while the minimum
inside RH was 30% lower than the external RH, which

https://plantsciencetoday.online
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corroborated an earlier report (16).
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Fig. 6 (a). Temperature and humidity at no load condition temperature.
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Fig. 6 (b). Temperature and humidity at no load condition humidity.

The load test involved drying sliced turmeric (5 to 8
mm) and weighing 100 kg after blanching. The initial
moisture content of the turmeric was determined using
eqn. (10) and was found to be 71.62% on a wet basis (w.b.).
Fig. 7 and Fig. 8, respectively, displayed the fresh
turmeric's appearance before drying and the dried

Fig. 8. Dried turmeric inside the tunnel dryer (cumulative time: 97:03 h, day:
5t inside temperature: 32.6°C, inside humidity: 50.6%, outside temperature:
22.5°C, outside humidity: 58.6%, sunshine intensity: 255 W).

(3]

turmeric within the tunnel dryer.

The turmeric samples were dried in the tunnel dryer
for 101 hours and 40 minutes (5 days). Fluctuations in
temperature and RH inside and outside the dryer, along
with sunshine data, are illustrated in Fig. 9-11. The
graphical representation shows the progression over each
day, with distinct segments delineating each day’s data (Y-
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- " 5 nsideTemp l&sl eTemp D
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£
=
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Fig. 9. Temperature inside and outside of tunnel dryer (h - hour).
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Fig. 10. Humidity inside and outside of the tunnel dryer (h - hour).
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Fig. 11. Solar intensity (h - hour).

axis-A: Day 1, A-B: Day 2, B-C: Day 3, C-D: Day 4, and After D:
Day 5).

The maximum inside temperatures of the dryer on
the first, second, third, fourth, and fifth days were recorded
as 37.70°C, 41.70°C, 44.60°C, 41.90°C, and 45.80°C,
respectively, against outside maximum temperatures of
23.00°C, 24.50°C, 26.30°C, 21.70°C, and 24.70°C for the
corresponding days. A study reported a maximum drying
temperature of 45.70°C during coffee bean drying in a solar
dryer (17). During the early drying stages, the inside RH
was higher than the outside RH. However, as the drying
progressed, the inside RH gradually decreased below the
outside RH. This phenomenon may be attributed to the
decreasing moisture level in the turmeric samples, hence
lowering the moisture content of the air within the dryer.
The observed pattern indicated that with the

Plant Science Today, ISSN 2348-1900 (online)
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advancement of the drying process, inside temperatures
escalated while inside RH declined. Chavan et al.
mentioned a similar pattern of increasing temperature and
decreasing RH inside the dryer as the drying progresses
while drying fish in a solar cabinet dryer (18).

Fig. 12 illustrates the fluctuation in active fans
throughout the drying period, concurrently displaying the
corresponding solar intensity variation each day. The
operations of the dryer’s fans were active mainly in the
morning when solar intensity exceeded 300 W/m?. A delay
in drying activity after sunrise may be attributed to the
time needed to build up temperature following solar
radiation receipt. Initially, on the first and second days,
nearly all five fans were active throughout most of the
daytime, but as drying progressed, fluctuations in the
number of active fans increased. This variation may result
from decreased moisture content in the inside air during
drying, leading to a reduced moisture content difference
between the inside and outside air. The number of
operating fans dropped to zero when this difference was
close to zero or when the moisture content of the outside
air was higher than the temperature inside. On the other
hand, there may occasionally be five active fans in the
evening when solar intensity drops. This response was
governed by the control system algorithm, instructing

6 A B € D 1000
——Active Fan

900

——Sunshine

800

700

600

500

No. of active fan
w

400

Sunshine intensity (W/m?)

300

200

100

0.00 20.00 40.00 60.00 80.00
Time (h)

Fig. 12. Active fan during drying period along with the sunshine intensity (h -
hour).

rapid removal of humid air when temperature decreased
to prevent moisture condensation on the dryer’s internal
surface.

On the fourth day, there were no active fans around
noon, likely due to recorded precipitation of 0.8 mm at the
drying site (weather station at ICAR, Umiam). During such
periods, the developed control system isolated the dryer
from the surrounding environment by closing the inlet
gate with no active fan operation. Drying resumed once

mmm Active fan  =———Moisture removed

25 35.00% _
= s
5,50 30.00% 3
- 25.00% 3
g15 S/ N 20.00% 2
= / ~ £
=10 " 15.00% £
- N £
@ \ 10.00% 5
s 5 N\ 2
g ﬁm . 5.00% _5

0 0.00% =~

Day 1 Day 2 Day 3 Day 4 Day 5

Fig. 13. The active fan time along with the moisture dried on that day (h -
hour).

6

the surrounding environment became favorable. Fig. 13
depicts the duration of active fan operation throughout
the drying process.

On the first day, fan operation was brief due to late
material introduction, limiting drying time and moisture
removal. On the other hand, there was more fan operation
and moisture removal on the second day. However, both
parameters decreased on the third day due to diminishing
moisture release from the turmeric. The minimal fan
operation on the fourth day was attributed to reduced
solar radiation, as shown in Fig. 12. Lastly. However, fan
duration increased on the fifth day, and moisture removal
did not proportionally increase due to the heightened
energy demand for drying as the process progressed.

Drying curve

The drying process is visualized in a drying curve,
illustrating moisture content changes over time (Fig. 14).
Initially, moisture decreased from 71.62% to 57.99%
between 12:20 Hours and 19:17 Hours on the first day and
further to 57.15% by 06:47 hours on the second day. Drying

80 1

A B C D

70
60 1
<
50 4
2
S 40
£
2 30
Z
= 20 4

10 Mg w—

0 . . ‘ ;

0.00 20.00 40.00 Time (ny 60-00 80.00 100.00

Fig. 14. Drying curve of turmeric (h - hour).

continued to reduce moisture from 57.15% to 27.04%
between 06:47 hours and 16:56 Hours on the second day. A
similar trend occurred during the second night, decreasing
to 26.44% by 06:59 Hours on the third day.

Drying progressed from 26.44% to 9.44% on the
third day between 06:59 and 16:55 hrs. However, moisture
absorption was observed during the third night, increasing
to 11.15% by 06:26 Hours on the fourth day. Drying
reduced moisture from 11.15% to 7.29% by 16:24 hours on
the fourth day. During the fourth night, moisture was
absorbed again, reaching 9.86% by 05:59 hours on the fifth
day. Subsequently, drying resumed until 15:59 Hours,
reducing moisture to 6.31%. The turmeric absorbed
moisture again and reached 8.98% by 18:02 hours. Thus,
the developed dryer achieved the desired moisture
content (less than 10%) in five drying days (101 hours and
40 minutes). A study revealed that turmeric achieved the
requisite moisture content of 10% in 64 hours using a
natural convection dryer, whereas sun drying required 96
hours to attain the same moisture level (19). Using whole
turmeric and natural draft dryers in their work may need
more time to dry in their dryer.

Efficiency

The efficiency of the microcontroller-based solar tunnel
dryer was calculated using Eqn. 12, along with the

https://plantsciencetoday.online
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Table 1. Constants used in the calculation of efficiencies

Sl.No. Parameter Value
1 latent heat of water (8.) 2260 kJ/kg
2 The net surface area of the tunnel dryer (A) 30 m?
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35 i Fa
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E 20 \ ? \ ,."/ \@\
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Fig. 15. The efficiencies of the dryer during the drying period (h - hour).

parameters in Table 1. The hourly average efficiency of the
dryer during the drying period is given in Fig. 15.

The dryer's efficiency varied from 35.14% to 2.10%,
averaging 19.20%. Achieving the target moisture content
of less than 10% (w.b.) required 28.63 effective hours of
bright sunshine. Efficiency was initially higher and
decreased as drying progressed, likely due to the
increased energy needed to remove water at lower
moisture levels. Efficiency increases when radiation
decreases, possibly due to thermal energy released from
materials inside the dryer. A similar variation in efficiency
was reported while working with solar greenhouse dryers
(20). The overall efficiency of the solar tunnel dryer
developed in a study was reported as 17.9% with
pomegranate samples (21). The thermal efficiency of the
greenhouse dryer was evaluated with an onion slice after
pre-treatment, and it was found to be 20.82% (22). A
cabinet-type solar dryer with a 5 kg capacity is reported to
have a higher % drying efficiency of 27% while drying
ginger (23).

Conclusion

The microcontroller-based solar tunnel drier, utilizing

DHT22 sensors for internal and external data,
demonstrated notable temperature and humidity
differentials between its inside and the external

environment. During no-load tests, it maintained a
maximum temperature difference of 27.10°C higher inside
than outside, alongside a 30% lower relative humidity.
Throughout the five-day drying process with a 100 kg
turmeric load, the dryer effectively reduced the turmeric’s
initial moisture content from 71.62% to less than 10%
(w.b.) using 28.63 effective bright sunshine hours. Despite
fluctuations, the dryer’s efficiency ranged from 35.14% to
2.10%, with an average of 19.20%, demonstrating its
effectiveness in drying turmeric. Future improvements
may involve integrating additional heating systems for
continuous drying, especially during nighttime and cloudy
periods, thereby reducing overall crop drying time.
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