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A mixed mode indirect solar dryer (MISD) was designed with a PCM-assisted polycarbonate glazed
sheet covered solar collector and a drying unit for drying myrobalan. The rate of heat loss coefficients was
evaluated experimentally with a modified collector design. The novelty of this work is the application of a
PCM-energy storage in a conventional solar dryer to reduce the drying time of myrobalan. The thermal
storage in MISD increases the continuous thermal supply period by 19+4 % compared to without thermal
storage during the off-sunshine hour. The drying time of myrobalan was reduced to 12 h in MISD com-
pared to 41 h in the OSD method. This results in better dryer performance and reduced drying time. The
total useful energy was 61.18 MdJ, and 0.206 MdJ was reduced energy loss. The dryer's average temperature
and relative humidity were measured as 65.2 °C and 8.83 %, respectively. The results show that exergy ef-
ficiency increases, and exergy loss reduced in the MISD. An intensive experimental study on the thermo-
physical properties of TES materials can be an additional advantage. Antioxidant values and the total
phenolic content were evaluated by different methods. The best color and lower hardness values were

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 14 No 3, 03022(5cc) (2022)

achieved for a sample dried in MISD, as compared to other TD and OSD methods.
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1. INTRODUCTION

Drying agricultural products is one of the preserva-
tion techniques widely practiced. The primary objective
of drying is to remove moisture to a pre-determined
level and control the growth of microbes. Other chemi-
cal reactions are limited to extracting product moisture
with heat and mass transfer processes [1]. Sun drying is
an environmentally friendly and sustainable method
that produces no hazardous emissions and is cost-
effective for small-scale farmers to dry their products.
The drawbacks of open sun drying (OSD) are the re-
quirement of a larger area, higher labor cost, quality
degradation of dried products, and environmental de-
pendence (solar radiation, ambient condition, and wind
flow). Solar drying is an excellent alternative to open
sun drying techniques. Different solar dryer designs
have been proposed to restrict post-harvest losses and
improve product quality in recent decades. However,
few solar dryer designs are popular among farmers and
food-process industries. Depending on location, size, and
product type, the solar dryer design varies. The natural
convective, force convective and mixed-mode design in
solar dryers is distinguished by air movement and heat
transfer mode. Solar dryers are divided into two catego-
ries 1.e., dryers with low temperatures and dryers with
high temperatures [2].

Myrobalan was rich in antioxidant activity, total
phenolic content, and high medical values to prevent
and cure microbial and other infectious diseases [3]. It
is abundantly available in the Bodoland (Assam) and

* pk.nayak@cit.ac.in
T nsk@nitt.edu
f r.kondareddy@cit.ac.in

PACS numbers: 44.40. + a, 84.60.Ve, 84.60. —h

Shillong (Meghalaya) of the northeastern region (NER)-
India. The limited reviews are observed with solar dryer
used to dry agricultural products with high value-added
and fruits unutilized in NER-India. The work's motiva-
tion was that no studies and research reports were
available on drying myrobalan in mixed mode indirect
solar dryers with latent heat storage systems.

2. DESIGN AND FABRICATION OF MODIFIED
MIXED MODE INDIRECT SOLAR DRYER

The built mixed mode indirect solar dryer (MISD)
was setup in the terrace of the process control laborato-
ry, CIT Kokrajhar, Assam at a latitude 26°51' North
and longitude 90°22' East. Myrobalan was acquired
from the local formers in Kokrajhar, NER-India. The
dryer parameters like temperature, humidity, airflow,
and weight are monitored using a data logger. The
MISD consists of three important units: solar collector
with aluminum sheet pipes and double-glazed glass,
thermal storage unit with phase changing material,
and drying chamber with dehumidifier. The solar col-
lector structure constructed with galvanized iron (GI)
sheet outside, mild iron (MI) sheet inside, and alumi-
num sheet as a thermal observer with physical dimen-
sions as 1.52 m in length, 0.61 m in width, and 0.15 m
in height. The collector mounted on an iron frame with
an inclination angle of 23° along north-south for trap-
ping maximum solar radiation. The unique feature of
the collector was polycarbonate glazing cover and com-
pared thermal conductance with the existing glass
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cover type-solar dryer [4]. The polycarbonate glazed
sheet of 6mm mounted as a solar observer and 5mm
thick aluminum sheet was acting as a heat-absorbing
bottom plate, and the aluminum tubes were used to
increase the thermal conductance in the collector. The
air circulating system used to maintain the optimal
airflow in the collector to the drying unit. The collector
was placed in a non-shadowed and open area to trap
maximum solar radiation. The solar radiation falls on
the polycarbonate glazed sheet the bottom plate, which
was heated through heat conduction mechanism. Then,
the heat was transferred from the bottom plate to
pumped air from ambient conditions through the con-
vection process. The hot air passes from the energy
storage unit to the drying chamber. The circulating hot
air from the solar collector initially contact with the
energy storage unit. Due to high fluctuation in renewa-
ble energy sources, thermal storage facilities are in
higher. Thermal storage setup in dryers can be classi-
fied as sensible type, latent type (phase-changing ma-
terials), and thermochemical type. Phase change mate-
rials (PCM) are preferred for thermal energy storage in
dryers because of their ability to heat storage at con-
stant temperature and availability in optimal food
drying temperature ranges. The thermal energy stor-
age (TES) was integrated into the collector where par-
affin wax was melted and poured in to 30 aluminum
tins of 2 mm thickness and 250 ml capacity. The tin
cans were coated in black color to achieve quick heating
of paraffin wax — phase change material (PCM) filled in
tins. The significant advantage of paraffin wax is eco-
nomical compared with other PCMs and neither poi-
sonous nor explode in nature. To reduce the time of
conduction and increase the convection efficiency, alu-
minum strips having 4 mm thickness were inserted
during the filling of aluminum tins with melted paraf-
fin wax. The physical dimensions of drying unit were
1.64 m in length, 0.61 m in breath, and 0.15 m in width
(between collector glass and bottom plate) and inclined
at an angle of 21° over the earth surface and fixed on a
movable stand. In the drying unit, 4 aluminum trays
(4 nos.) of 5 kg holding capacity were supported on an
iron structure for drying the sample. Trays have
0.004 m holes for even distribution of circulating hot
air, and the trays were kept in the distance of 0.2 m.
The air vent in the dryer allows moist air to exit in the
drying process.

3. MATHEMATICAL MODEL FOR DIFFERENT
UNITS OF DRYER

The mathematical model of the modified mixed
mode solar dryer (MISD) was derived for three im-
portant parts including, solar collector, drying chamber
and thermal storage unit [5]. To validate the experi-
mental data and the simulated model of any system,
calculation of root mean square error (RMSE) and root
mean square error percentage (RMSE%) was necessary.
The experimental dryer temperature was measured
continuously on a sunny day. With the mathematical
model and identification techniques, the simulated
model of the dryer was predicted. For MISD, the RMSE
and RMSE% calculated as proposed by Zoukit [6]. To
study the dryer performance, validation of experimental
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values and design of control schemes, modelling and
simulation were performed. With the reference to the
previous studies, for various solar dryers [7], an easy
and effective simulation model identification was per-
formed to predict the behavior of the MISD. In compar-
ing the simulation model for dryer temperature with its
experimental value, dryer performance was analyzed
with the weather conditions of Kokrajhar. Estimation of
error was carried out by calculating the mean variance
between experimental values and the simulation val-
ues. The root mean square error (RMSE) and root mean
square percentage (RMSE%) were calculated by,

Zj(Tcej - Tcs.j )2

RMSE ==L/ | 1)
N
2
(Tc&j - TCSA,')
J Tc,;
RMSE% = 2)
N

4. MATHEMATICAL MODELING OF THIN
LAYER DRYING

The heat and mass transfer processes in the solar
dryers are highly complex. Mathematical modelling has
been carried out to overcome the improper drying and
optimize the drying process. Performing the dryer's
complete factorial experiment with all variables is time
taking and difficult to find the correct drying method,
controlling the process, studying the drying kinetics,
and optimizing engineering process, using the process
variables, the rate of moisture removed in any product
can be shown by drying kinetics. Drying models are
built on understanding the drying rate of the products.
Myrobalan of uniform size was procured from the local
market and cleaned with running water to remove all
dirt and dust. After washing, clean white towel was
used to draw the excess water from myrobalan fruits.
Before performing the drying process, the fruit sample
was cut axially in to two halves to determine the initial
moisture content (IMC) and final moisture content
(FMC) of the sample dried. The IMC and FMC of my-
robalan were measured using a moisture analyzer —
infrared type (Satorius (MA 35), SLI - Germany). The
IMC and FMC were calculated as of 88+1 % (w.b.) and
6.2+1.4 % (w.b.), respectively, for myrobalan fresh
sample. In this work, the drying kinetics of myrobalan
was investigated in the three different drying methods,
modified mixed mode solar dryer (MISD) as shown in
Figure 3, tray dryer (TD at 60 °C), and open sun drying
method (OSD). In MISD and TD, a 0.2 kg myrobalan
sample was placed in trays for drying. An equal quanti-
ty of 0.2 kg of myrobalan sample was placed on the
ground to dry in the OSD method. While performing
the drying of myrobalan in three different methods, a
load cell sensor was used to measure the moisture con-
tent of the fruits in terms of the mass of the fruit. Simi-
larly, the moisture content of the fruits has been calcu-
lated physically through a weighing machine at every
1-hour interval throughout the drying process and
compared with the values from load cell censor. The
AOAC method was used to calculate the moisture con-
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tent in the samples. The sample (400 g) was dried in
hot air over (at 110 °C) to chive the constant weight.
On a dry basis, the sample's initial moisture content
and final moisture content are estimated. Five popular
models listed in the Table 1, were used for estimating
the drying kinetics of myrobalan slices. Through the
nonlinear regression analysis, experimental data was
executed using the Origin Pro 8.0 software. The best
drying model for the drying of myrobalan slices was
selected by the values of coefficient of determination
(R2) and Root Mean Square Error (RMSE).

Table 1 — Different empirical model for thin layer solar drying
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61.18 MdJ, and the loss was estimated as 0.206 MdJ.
Higher amount of energy consumed by the pump was
5.38 kW. During the drying process (8 AM to 8 PM),
the average temperature and relative humidity was
recorded as 65.2 °C and 8.83 %, respectively.

Five empirical models were considered to fit the ex-
perimentally obtained drying data. From the data in
Table 2, it can be seen that all drying models were
fitted closely, but the modified page was found to be
more suitable as the value of R? was higher and the
value of RMSE was lower as compared to other models.

Table 2 — Thin layer drying model for drying myrobalan in
MISD

Model Name

Expression

Modified Page [8]

MR = exp[-(k))]"

Drying

Henderson and

Pabis [9] MR = aexp[—(kt) + (1 - a) exp(—kt)]

Two term exponen-

tial [10] MR = aexp[—(kt) +(1-a) exp(-kt)]"

MR = M-M, _ ae" KT Ly

Midilli [11], [12] M M
o~ e

Wang and Singh

_ n
[13] MR =M, +at+bt

5. QUALITY ANALYSIS OF DRIED SAMPLE
TOTAL PHENOLIC CONTENT AND RADICAL
SCAVENGING ACTIVITY

To measure the total phenolic content (TPC) and an-
tioxidant activity of fresh and dried myrobalan slices,
Saikia et al., 2022 [14] was followed.

6. RESULTS AND DISCUSSION

On a sunny day, the first week of October 2021, be-
tween 8 AM to 8 PM, drying experiments were per-
formed at the CIT Kokrajhar-BTAD, Assam, NER-
India. The plotted data in Fig. 1 were used to validate
the experimental data of the MISD with a simulation
model. A drying time of 720 minutes, constant air ve-
locity of 0.62 m/s was considered. At ambient condi-
tions, the experimental temperature value was com-
pared with the simulated temperature value obtained
through system identification data-driven technique.
From Fig. 1, a close association between experimental
and simulated values can be observed.
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Fig. 1 —Validating experimental data with simulation model
drying chamber temperature due to solar radiation

The total useful energy obtained from the collector
of MSD to the drying chamber during drying was

Model Constants R2 RMSE
method
Modified 105D k=0014, n=14 |0.9985 |0.0095
paogel 1e MISD k=0.007, n=0.9 |0.9998 |0.0061
TD (60°C) | k= 0.013, n = 1.3 |0.9989 |0.0096
0SD a=1.0700, 0.9955 | 0.0381
% = 0.0029
Henderson | MISD a=0.9902, 0.9998 |0.0088
and Pabis k =0.0088
TD (60°C) | @ = 0.9836, 0.9997 |0.0072
k=0.0071
T 0SD a=0.998, k=0.01/0.9981 |0.0897
e}:‘l’)‘;ﬁeeft“ial MISD a=1.900, k=0.02/0.9989 |0.0091
TD (60°C) | @ = 1.713, k= 0.01/0.9976 | 0.0086
0SD a=0.9997, 0.9993 [0.0124
% =0.0003
n=1.397,
b = 0.00002
MISD a=1.005, 0.9994 |0.0074
Midilli k=0.0118
Model n=0.9511,
=—0.00004
TD (60°C) | @ = 0.9950, 0.9996 | 0.0059
= 0.0089
n=0.957,
=—0.000001
0SD a=-0.0019, 0.9936 |0.0452
b = 0.0000008
Wang and | MISD a=—0.0059, 0.9745 |0.0766
Singh b = 0.000008
TD (60°C) | a = — 0.0044, 0.9629 |0.0937
b = 0.000004

The reduction in moisture ratio (MR) was increased

rapidly due to high moisture content and higher temper-
ature. A better correlation of R2 with RMSE was ob-
tained when comparing the experimental value to the
predicted value.

The acceptability of food depends on various factors
and the color as well as texture of the food products
often indicative of the product quality which increases
the demand for the product. In the current work, quali-
ty parameters like TPC, antioxidant activity, TFC,
texture, and color of the dried product were measured
and compared with fresh slices of myrobalan.

The raw and dry myrobalan slices TPC values varies
from 77.11 mg to 34.98 mg (GAE/gm of the sample),
whereas the TPC of dried myrobalan slices in MISD, TD
(at 60 °C) and OSD was recorded as 55.67, 43.06 and
35.97 mg (GAE/gm of the sample). The difference in the
TPC values of dried samples is with variances of the
drying period of each method. As per the report of Es-
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parza-Martinez et al., [15], drying at maximum temper-
atures over long periods enhances the phenolic com-
pounds solubility, causing the cellular structure break-
down and release of phenolic chemicals linked to the cell
wall. The study's outcome was similar to the results of
Krishnan et al., [16], where TPC has decreased nearly
half a fold in a vacuum dryer (ultra-sonicated) at 60 °C
compared to the fresh slices.

The antioxidant activity of myrobalan slices was as-
sessed using a free radical scavenging test. The results
showed that the antioxidant activity of fresh sample was
128.58+1.4 p mol of TE/gm of the sample, and samples
dried in OSD showed the lowest value of 62.37+0.6 u mol
of TE/gm of a sample.

160
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 Antiaxident activity (g mal of TES gm af & sample)

= Tptal Phenolic Content fmp GAES pm of sample)

Fig. 2 — Antioxidant activity and TPC of fresh slices and slices
dried in different techniques

Fig. 2 shows the best antioxidant and TPC wvalue
achieved with MISD technique in drying of myrobalan.
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ConsiuHa cymapka 3MilIAHOTO PEKMMY HA OCHOBI CHCTEMU aKyMyJIIOBaHHS
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Hemnpsima consiuna cymapka amimasoro peskumy (MISD) Gysa pospobsieHa 13 COHSYHMM KOJIEKTOPOM,
MOJIIKapOOHATHUM JIUCTOM, BKPUTHM IIIapOM ckJia 3 gogaBauusam PCM, Tta cyImmiIbHuM GJIOKOM JIJISI CYTIITHHS
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mipobasany. [IBuakicTs KoediIieHTIB TEIJIOBTPAT OIIHIOBAJIACSA €KCIIEPHMEHTAIFHO Ha OCHOBI MOIU(IKO-
BAHOI KOHCTPYKIII KostekTopa. HoBuana mamoi poboru mosisirae y 3actocyBanui PCM-akymysiaTopa eHeprii B
3BUYANHIN COHAYHIN CYIIapIll I/ CKOPOYEHHS Yacy CyInHHa Mipobanamy. Tepmoaxymyssaiis 8 MISD 36i-
JIBIITy€e Tepiof] 0e3rmepepBHOTO TEIIomocTaYaHusa Ha 19+4 % MOPIBHAHO 3 BUITAJKOM BIJICYTHOCTI TEILJIOBOTO
HAKOIIMYyBaYa MPOTITOM TOJUHU 0e3 COHSIHOTOo cBiTsIa. Jac cyImHHa MipodasaHy 3MEHIITUBCA 10 12 ToauH
y MISD mopiBasiro 3 41 roguson 3a metomom OSD. Ile mpuageso 10 Kpamoi TPOAYKTUBHOCTI CYyIIAPKA TA
CKOPOYEHHS Yacy CyNIHHs. 3arajibHa KOpHCHa eHepria ckiasna 61,18 M/, a Brpatu eHeprii Oyiau 3MeH-
mreni Ha 0,206 M/I:x. Cepenns TeMiiepaTypa Ta BiJHOCHA BOJIOTICTD CYIIAPKHU CKJIAIM BinmosimHo 65,2 °C ta
8,83 %. Pesynpratu mokas3yoTh, 1m0 e(peKTHBHICTD eKceprii miIBUIIYETHC, & BTPATH eKCcepril 3MeHIIIYIOThCS
B MISD. JlogaTkoBOI0O IIepeBaroi MosKe CTaTH IHTEHCUBHE €KCIIePUMEeHTAIbHE JOCIIII3KeHHS TeIIOQI3UIHUX
BiaactuBocreit TEC marepiamiB. AHTHOKCHIAHTHI MOKA3HUKHU TA 3aTaJIbHUM BMICT )eHOJIIB OIMIHIOBAIN Pi3-
HUMH MeTomaMu. Hafikpalr sHaueHHs KOJIbOPY Ta MEHIIl 3HAYeHHS TBEPHOCT1 OYJIM TOCATHYTI JJIs 3pasKa,
ucymreroro B MISD, mopisusHo 3 iHmuvu metomamu TD ta OSD.

Kmiouogsi ciosa: Mipobasan, Consiuna cymapka, AKyMyJIaTop Teria, AHTHOKCHIAHTHA aKTuBHIcT, TPC.
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