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Abstract

Indigenous fermented foods Gundruk (fermented mustard leaves), Sinki (fermented radish taproot), and Maseura
(fermented lentils) are mostly sun dried, and thus often deteriorate during the uncontrolled drying process. Herein,
cabinet drying was done at 50, 55, and 60°C after fermentation, and the moisture loss was systematically recorded.
The data were converted to moisture ratio and fitted to five semi-theoretical drying mathematical models: Modified
Henderson and Pabis, Logarithmic, Two-Term, Midilli et al., and Approximate diffusion. All the models were
validated using statistical parameters, namely: R?, RMSE, y? and SSE. The Midilli et al. model gave excellent fit
for all three products, with R? greater than 0.97. The effective diffusivity values increased with an increase in air
temperature for all the samples. The activation energy values were found to be 56.25, 21.63 and 15.08 kJ/ mol
while the diffusivity constants were found to be 1268.51, 0.028, and 8.655x 10-3 m%s for Gundruk, Sinki, and
Maseura, respectively.
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Practical applications

All commercial cabinet dryers are fabricated on the principles of thin
layer drying, which means drying as a single layer of slices or sample
particles. A mathematical model for the thin-layer drying of three
indigenous fermented foods of the Himalaya region: Gundruk, Sinki, and
Maseura (moisture ratio against time) is presented in this paper. The study
of moisture ratio as a function of drying conditions and time has many
benefits in the drying process, such as (1) consumption of less energy, (2)
minimal heat damage to the product, (3) lower capital cost, and (4)
convenient handling of dryer systems. It is assumed that the present study
should be helpful to people looking forward to optimize the engineering
aspects of the drying system and their elements, and to identify the correct
process parameters and configurations for the drying system.

Introduction

The Himalaya encompasses a geographical region of approximately 3.4
million km? and is unfold across nations of the Islamic State of
Afghanistan, Pakistan, India, Nepal, China (Tibetan Autonomous
Region), Bhutan, and Burma (Pandit et al., 2014).Various types of ethnic
sourced foods and alcoholic beverages are prepared and consumed by the
Himalayan peoples like bamboo, meat, fish, cereal, milk, vegetable,
alcoholic beverages and soybean. The food culture is a distinctive mix of
the milk—vegetable- eating Hindu culture from the south and also the
soybean-alcohol-consuming Chinese culture from the north (Tamang,
2009). In the present paper, we report the drying kinetics of the three most
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popular fermented products of the Himalaya region (Gundruk, Sinki, and
Maseura) aiming to offer scientific evidence for the exploitation of these
indigenous products.

Gundruk is a nonsalted, fermented, and sour vegetable product
indigenous to the Himalayas. During Gundruk fermentation, fresh leaves
of native vegetables known as rayosag (Brassica rapa subsp. campestris
var. cuneifolia), cauliflower leaves (Brassica oleracea L. var. botrytis L.),
mustard leaves (Brassica juncea (L.), and cabbage (Brassica sp.) are
wilted for 1-2 days. Wilted leaves are crushed gently and pressed tightly
into a container or earthen pot, created airtight, and fermented naturally
for period of 15-22 days. After fermentation, products are taken out and
dried in the sun for 2-4 days. Gundruk is consumed as pickles or soups
and has some likeliness with different fermented soured vegetable
products like kimchi of Korea, sauerkraut of Germany, and sunki of Japan
(Yan et al., 2008). A fermented acidic radish taproot product called Sinki
is prepared by pit fermentation in the Himalayas, typically throughout
winter, when radish taproot production is abundant. When the taproot is
fermented, it is known as Sinki and, once the leaves of radish are
fermented, it is called Gundruk (Tamang, 2009).

Maseura is a very important food item of Nepalese, mainly Newar
communities. In its production, seeds of black gram (Vigna mungo), black
lentil (Phaseolus mungo), or rice-bean (Phaseolus calcaratus) are cleaned,
washed, and dipped in water overnight. Soaked seeds are dehulled by
pressing through hands and the hulls are removed, ground into thick paste
with mortar and pestle. Water is mixed while grinding until the paste
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becomes sticky, which is then hand-moulded to form small balls or cones.
The mixture, then is placed on a bamboo mat and fermented in an open
room for 2-3 days, after which it is sundried for 3-5 days relying on the
weather conditions (Tamang et al., 2016).

One amongst the oldest and most ordinarily practiced methods of
preservation, particularly within rural areas, is drying, which involves
heat and mass transfer, leading to irreversible product changes that are
either physical or as a result of chemical or biochemical reactions. Drying
can either be done by old methods like sun drying or industrially by solar,
hot air, and other drying methods (Tunde- Akintunde & Afolabi,
2010).Traditional sun drying is usually practiced among small and
medium-scale farmers and processors, particularly in developing
countries because of its low operational, installation, and energy prices
(Ertekin & Yaldiz, 2004).

Hot air drying is among the oldest food preservation processes.
However, exposure to thermal energy will have an effect on vital food
properties, such as the chemical composition, texture, color, and flavor.
Therefore, the choice of an acceptable drying technique, developing an
appropriate applicable mathematical model, and also determining the
optimum operating parameters are useful to achieving prime quality and
minimum cost products with the highest yield (Clemente et al., 2011).
Hot air drying involves simultaneous heat and mass transfer operations,
where the material is fully exposed to drying conditions of temperature
and hot air, thus improving the drying method. The foremost vital aspects
of thin-layer drying technology are the mathematical modeling of the
drying process and the overall instrumentation, which can enable the
choice of the most appropriate operating conditions. Thus, it is essential
to explore the thin-layer modeling approach for determining the drying
kinetics from the experimental data, describing the drying behavior,
improving the drying process, and eventually minimizing the entire
energy demand (Onwude et al., 2016).

Mathematical modeling and simulation of the drying curve directs
better management of drying and to obtain prime quality products
(Meisami-Asl et al., 2009). It may be used to study the drying variables,
determine the drying kKinetics, and optimize the drying parameters
(Karathanos & Belessiotis, 1999; Yun et al., 2013). The principle of
modeling relies on having a set of mathematical equations that
satisfactorily describe the drying behaviors (Taheri-Garavand et al.,
2011). Drying kinetics of agricultural materials like tea (Raveendran et
al., 2013), paddy (Manikantan et al, 2014), bird’s eye
chilies(LIMPAIBOON, 2015), jackfruit (Kaushal & Sharma, 2016),
alfalfa (Farhang et al., 2010), beetroot leaves (Kakade & Hathan, 2014),
unripe plantain chips (Famurewa, 2015), and bay leaves (Demir et al.,
2004), were successfully represented by thin layer drying models.

The drying kinetics models are therefore vital in choosing the optimal
drying conditions that are important parameters in terms of equipment
design, optimization, and quality improvement of these indigenous
fermented foods.

1. Materials and methods
1.1. Materials

Fresh mustard leaves (Brassica juncea), Radish taproot, Split pulse
Blackgram (Phaseolus mungo), and Colocasia tuber were purchased from
the Dharan area of Nepal (26°48'41" N, 87°168.0” W) and preparations
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were done as shown in the supplementary section (A).
1.2. Drying experiments

Gundruk, Sinki, and Maseura with initial moisture contents of 1.56, 1.38,
and 1.50 kg water/ kg dm were dried immediately after fermentation at
three different temperatures of 50, 55, and 60 °C in a cabinet dryer
(Cabinet -hot air convective dryer PCD-E3000 Serials, volts-220V,
temperature range (0-300°C)). The thicknesses of Gundruk, Sinki, and
Maseura were 2.50x102, 8x10° and 3.78x102 m, respectively. The
samples were spreaded on the cabinet tray in a single layer, and the
moisture contents of the sample were determined at 15 min intervals for
Gundruk and Sinki, and at 30 minute intervals for Maseura. The drying
process was terminated when the samples weights at three consecutive
times were constant, and the moisture content was considered as the
equilibrium moisture content. Drying experiments were carried out in
triplicate at each temperature, and the drying curve was plotted from the
average value.

1.3. Modeling of the drying process

1.3.1. Moisture Content
Moisture content was calculated using the following equation(Nguyen et
al., 2019):

where, M is the moisture content (Kg water/Kg dry matter), mw is the
mass of water in sample (Kg), and mam is the mass of dry matter in sample
(Kg).
1.3.2. Moisture ratio
The moisture ratio was calculated as shown below using equation (2) as
modified by (Roberts et al., 2008) :

where, MR is the moisture ratio, M is the moisture content at time ‘¢’
of the drying process (Kg/Kg dry solid) and Mo is the initial moisture
content (Kg/Kg dry solid).

1.3.3. Drying Rate
Drying rate (DR) is defined as the amount of evaporated moisture with
respect to time. The drying rate (Kg water/Kg dry matter/h) during the
process of drying Gundruk, Sinki, and Maseura was determined using
equation 3 (Afolabi et al., 2015):
M - (M, +dt)
DR = Do I R R N ) (3)
dt

where, Mt is the moisture content at time ‘t” (Kg water/Kg dry matter),
(M¢+dt) is the moisture content (Kg water/Kg dry matter) at (t + dt) time,
and dt is the drying time (h).

The drying curves were fitted by means of 5 completely different
moisture ratio models that are widely used in most food and biological
materials. These models were chosen on the basis of applications and
additional variable values, as drying does not rely on a single factor. The
different kinetic models used are presented in Table 1.

Models

Equations

References

Modified Henderson and Pabis

MR=al[="" + b707 4 ¢[J7h T

(Jan et al., 2014)

MR=al1~

Logarithmic

+c (Kaur & Singh, 2014)
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Two term MR=al)™ 1 + b2 (Nguyen et al., 2019)
Midilli et al. MR=a """ + pt (Ayadi et al., 2014)
Approximate Diffusion MR=al~"" + (1-a) O~"-" (Onwude et al., 2016)

Table 1: Mathematical models applied to the drying curves

1.4. Statistical analysis for the determination of appropriate models

In order to select out the best suitable model to explain the drying behavior of any product with different drying methods or different conditions,
nonlinear regression analysis was performed using Microsoft Excel 2016. The statistical values are outlined as follows (Nguyen et al., 2019):

1.4.1. Coefficient of determination

It provides a measure of how well future outcomes are likely to be foreseen by the model. The coefficient of determination is not likely to be 0 or 1;

however, rather somewhere between these IiNits The nearer it is to 1, the karger relationship exists between the experimental and predicted values.
Y (MR -MRexp j()MR - |\/|R|C,,ree)W
RZ = r i=1 exp,i \ pre,i 27 @
| z{\:Il('leexp,i ) MReXp) zf\:ll('lepre,i ) MRpre) |

1.4.2. Reduced chi-square (y2)
It is the mean square of the deviations between the experimental and predicted values for the models, and used to evaluate the fitting agreement of
every model which can be calculated as:

2
yN (MR “MR )
2 i=l exp,i pre,i

= (5)
X N -n

1.4.3. Root-mean-square error (RMSE)
It is often used to measure the differences between values predicted by a model or an estimator and the values truly observed from the thing being
modeled or estimated, which can be calculated as:

21

exp1i}| | (6)

1.4.4 Sum of squared errors of prediction (SSE)
It is the sum of the squares of residuals (deviations predicted from actual empirical values of data). It is a computation of the discrepancy between the
data and an estimation model. It is used as an associate criterion in parameter and model selection (Magar, 2017).

(
RMSE = [Ez-blﬂ MR  -MR
|LN =\ pre,i

N
= R .- MR .
SSE ig‘l exp,l pre,l ) )
1.5. Determination of the effective moisture diffusivity

Fick’s second law of diffusion was applied to evaluate the effective diffusivity as the result of all the samples showed a falling rate period in their
drying characteristics. The effective diffusivity of the samples was determined by equation 8 as shown below by linear fitting (Rahman et al., 2015):

2
(—n“D¢¢ )
In(MR)=In(872)— zeff ¢ ®)

where, Def, L, and t are the effective moisture diffusivity (m?/s), thin layer thickness (m), and time (h), respectively.
1.6. Determination of the activation energy

The relationship between effective diffusivity and temperature is given by the Arrhenius function of the type as mentioned in equation 9 (Akoy,
2014; Dianda et al., 2015; Saxena & Dash, 2015):
( Ea )
_ )
D = Dgexp| - J
R(T +273.15)
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where Do is the pre-exponential factor called the diffusivity constant of the Arrhenius equation (m?/s), Eais the activation energy (kJ/mol), R is the
universal gas constant (R = 8.31451 J/moI/K?L, and T is the air temperature expressed in °C. ( E \
a

A plot of Ln(D) as a function of . . . o . .
(T N 273.15) produces a straight line with a slope equal tok R J , S0 Ea can be easily determined.

2. Results and discussion
2.1. Drying characteristics

The variations of moisture ratio during drying time obtained in this study show that the drying rate decreased continuously throughout the drying time,
as shown in Figure 1. It was observed that the higher the drying temperature, the greater the drying rate, and hence, the highest values of drying rate
were obtained during the experiment at 60 °C.

L Gundru . Sink Maseur
1
0.
fe}
g o 2 fe)
o 6 g T
= nd
= (O]
@ 9 5 g
S 4 R G
o - —
= S
0. 0.
2 n T T T T T 1
0051152253 005115225335 0 2 4 6 81012
Time (h) Time (h) Time (h)
6] (b) (c)

Figure 1. Variation of moisture ratio with drying time of: (a) Gundruk; (b) Sinki; (c) Maseura.

At the initial stage, moisture evaporation takes place rapidly in an  moisture to the product surface (Vega-Galvez et al., 2011). This reduction
exponential manner and then slowly ablated with an increase in drying  indrying time with an increase in drying temperature is comparable to the
time until the latter stages of drying when moisture evaporation became  results reported for other food materials like cocoyam slices, corn,
negligible. The moisture content was determined to reduce with an  lemongrass, and stone apple slices (Afolabi et al., 2015; Chayjan et al.,
increase in drying time, which is mostly due to the reduction in available ~ 2011; Nguyen et al., 2019; Rayaguru & Routray, 2012). The critical
water for evaporation with progression in time. The minimization of total ~ moisture content was not found on the drying rate curve as the drying rate
drying time with elevated of all samples fell in the falling rate period (Figure 2).

temperature may be due to an increase in vapor pressure within the

product with rise in temperature, that resulted in quicker migration of

Gundru Sink Maseur
k 5
6 = BE?‘; —=— DRSO
4 I* 25 | —a—DR55
® DRG0 —&— DRG0

w

o = f
o Ul kP, 1N U W
1 ]

o P N W b

Drying rate (kgwater/kgdm.h)

Drying rate (kgwater/kgdm.h)
N

Dryng rate (kgwater/kgdm.h)

0

1 2 . 1
Moisture (kgwater/kgdm) Moisture (]-kgwater/kgdr%) Moisture (kgV\BIEfkgdm)
(a) (b) ©)

Figure 2. Variation of drying rate with free moisture of (a) Gundruk; (b) Sinki; and (c) Maseura
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Recent studies have also shown that the constant rate period was absent
in the drying processes of fruits and vegetables, since this period often
happens very rapidly (Onwude et al., 2016).

The drying rate was highest at 60°C and lowest at 50°C for all the
samples. The drying decreased from an initial value of 4.991 to 0.008
kgwater/kg dm.h in 3h for Gundruk; 4.880 to 0.006 kgwater/kg dm.h in
3.5h for Sinki; and 2.781 to 0.007 kgwater/kg dm.h in 12h for Maseura,
respectively at 50°C. Similarly, the drying decreased from an initial value
of 5.277 to 0.013 kgwater/kg dm.h in 1.75h for Gundruk ; 4.025 to 0.008
kgwater/kg dm.h in 2.5h for Sinki; and 2.559 to 0.005 kgwater/kg dm.h in
11.5h for Maseura, respectively at 60°C. The low drying rate of Maseura
can be attributed to the high water- holding capacity of proteins of the
blackgram in Maseura. Higher drying rates were determined at higher
drying air temperatures that resulted in quicker moisture evaporation and
later on faster moisture content reduction therefore reducing the whole
drying time. This is in agreement with the results obtained for other food
products (Afolabietal., 2015; Doymaz, 2010; Rayaguru & Routray, 2012).

Copy rights@ Arjun Ghimire et.al.

The presence of the falling rate period gave rise to the appearance of the
models indicated in Table 1.

2.2. Evaluation of the models

The moisture content data were converted to a dimensionless parameter
referred to as the moisture ratio, as shown in equation 1, and were fitted
to the chosen thin-layer drying models (Table 1). The results of statistical
analyses of these models for Gundruk, Sinki, and Maseura are shown in
table 2, 3, and 4 respectively. Also the criteria and constants used to
estimate goodness of the fit are presented in the tables. The best model
was selected with the highest R? and the lowest y%, RMSE, and SSE
(Taheri-Garavand et al., 2011). From the tables, R?, x2, RMSE and SSE
values were varied between 0.94482-0.99740, 0.96615 - 0.99667, and
0.99641- 0.99872; 0.00049- 0.02304, 0.00047— 0.00788, and 0.00010—
0.00036; 0.01853 - 0.10098, 0.01867- 0.06693, and 0.00957- 0.01785;
0.00290-0.08187, 0.00523 -0.05824, and 0.00219 -0.00797;
respectively, for Gundruk, Sinki, and Maseura.

Models T(°C) Coefficients R2 x? RMSE SSE
50 a=bh=c= 0.35085, 0.98740 0.00277 0.03867 0.01944
k=g=h=1.18091
Modified
Henderson  and
Pabis 55 a=b=c=0.36713, 0.94858 0.02304 0.08765 0.06914
k=g=h=1.64322
60 a=b=c=0.36541, 0.94483 0.03471 0.09315 0.06942
k=g=h= 1.68805
50 a= 1.05257, 0.98740 0.00194 0.03867 0.01944
k= 1.18094,
c=0
Logarithmic 55 a=1.09779, 0.94858 0.01152 0.08765 0.06914
k= 1.64324, c=0
60 a= 1.09626, 0.94482 0.01388 0.09315 0.06942
k= 1.68815, c=0
50 a= b= 0.52628, 0.98740 0.00216 0.03867 0.01944
ki=ko= 1.18091
Two term 55 a=b= 0.54889, 0.94858 0.01382 0.08765 0.06914
ki=ko= 1.64322
60 a=b= 0.54812, 0.94483 0.01735 0.09315 0.06942
ki=kz= 1.68805
50 a=0.99111, b=0, 0.99665 0.00049 0.01853 0.00446
k= 1.09306, n= 1.30528
55 a= 0.99247, b= 0.00920, k= | 0.99695 0.00073 0.02027 0.00369
Midilli et al. 2.09936, n=1.99738
60 a= 0.99061,b= 0.00453, k= | 0.99740 0.00072 0.01904 0.00290
2.18555, n=2.01396
U d—D—1, K— 1L.1Z730 U. 906941 U.UUZ30 U.U4202z U.UZ301
55 a=b=1, k= 1.52215 0.95426 0.01364 0.09538 0.08187
Approximate 60
Diffusion a=b=1, k= 1.56460 0.95178 | 0.01631 0.10098 0.08158

Table 2. Modeling of moisture ratio according to drying time for Gundruk.
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Models T (°C) Coefficients R? %2 RMSE SSE
50 a= 0.36177, b= 0.35440, | 0.98928 0.00214 0.03590 0.01933
- 55 a=b=c=0.35989, 0.97227 0.00677 0.06040 0.04742
Modified k=a=h=0.93158
Henderson  and =g=n=0.
Pabis
60 a=b=c=0.33719, 0.96616 0.00788 0.05984 0.03940
k=g=h=0.99688
50 a=1.06317, k= 0.92925, 0.98928 0.00161 0.03590 0.01933
Logarithmic c=0
55 a=1.07970, k= 0.98159, c=0 0.97227 0.00474 0.06040 0.04742
60 a=1.01163, k= 0.99694, c=0 0.96615 0.00492 0.05984 0.03940
50 a= 0.59163, b= 0.47568, ki=k2= | 0.98928 0.00175 0.03590 0.01933
Two term 0.92926
55 a=b=0.53984, 0.97227 0.00526 0.06040 0.04742
ki=kz= 0.98158
60 a=b=0.50579, 0.96616 0.00562 0.05984 0.03940
ki=kz= 0.99688
50 a=1.00040, b= 0, 0.99667 0.00047 0.01867 0.00523
Midilli et al. k=0.80942, n=1.25899
55 a=0.97093, b= 0, 0.99436 0.00096 0.02581 0.00866
k=0.76962, n= 1.53684
60 a=0.94048, b= 0, 0.97457 0.00401 0.05055 0.02811
k=0.86299, n=1.32690
Approximate 50 a=b=1, k= 0.87752 0.99210 0.00218 0.04182 0.02624
Diffusion
55 a=b=1, k= 0.91537 0.97803 0.00582 0.06693 0.05824
60 a=b=1, k= 0.98568 0.96709 0.00495 0.06001 0.03961
Table 3. Modeling of moisture ratio according to drying time for Sinki
Models T (°C) Coefficients R? %2 RMSE SSE
50 a= b=c=0.33776, 0.99840 0.00017 0.01149 0.00330
Modified k=g=h=0.20172
Henderson and
Pabis 55 a=b=c=0.32329, 0.99684 0.00029 0.01488 0.00553
k=g=h=0.21858
60 a=b=c=0.32494, 0.99843 0.00014 0.01051 0.00265
k=g=h=0.24583
50 a=1.01330, k= 0.20172, 0.99840 0.00015 0.01149 0.00330
c=0
Logarithmic
55 a=0.96988, k= 0.21858,c=0 | 0.99684 0.00025 0.01488 0.00553
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60 a= 0.97450, k= 0.24621,c= | 0.99843 0.00012 0.01051 0.00265
0.00054
50 a= 0.56752, b= 0.44577, 0.99827 0.00015 0.01149 0.00330
ki=k2= 0.20172
55 a= 0.50512,b= 0.46476, 0.99684 0.00026 0.01488 0.00553
Two term ki=0.21850,k>= 0.21869
60 a=b= 0.48741, 0.99843 0.00013 0.01051 0.00265
ki=ko= 0.24583
50 a= 0.99869, b=0, 0.99854 0.00012 0.01038 0.00269
k= 0.18432, n= 1.04352
o 55 a= 0.98086, b=0, 0.99712 0.00024 0.01445 0.00522
Midilli et al. k= 0.23271, n=0.96861
60 a= 0098808, b= 0, | 0.99872 0.00010 0.00957 0.00219
k= 0.26430, n= 0.96247
50 a=b=1, k= 0.19884 0.99844 0.00017 0.01234 0.00381
Approximate
Diffusion 55 a=b=1, k= 0.22585 0.99641 0.00036 0.01785 0.00797
60 a=b=1, k= 0.25254 0.99837 0.00020 0.01324 0.00421

Table 4. Modeling of moisture ratio according to drying time for Maseura

The Midilli et al. model gave the best fit of all models for Gundruk, Sinki, and Maseura based on non-linear regression analysis. The experimental data
and predicted values by the Midilli et al. model are presented in figure 3, 4, and 5, respectively. The Midilli et al. model has been

found to be well fitted to the drying of Sardine fish (Darvishi et al., 2012), Indian mackerel

(Balu Ramdas, 2009), curry leaves (Magar, 2017), tomato (Taheri-Garavand et al., 2011), and pepper (Onwude et al., 2016).

Gundrulk (30°C) Gundrulk (33°C) Gundrukid0°C)
1

MEpra
MEpre

@) (b)
Figure 3. Experimental data and predicted values by Midilli et.al model of Gundruk drying at: (a) 50; (b) 55; (c) 60°C.
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Sinki (50°C)

Sinkif3s°C)

MEpre

MEpre

Sinkifg0°C)

I} T 1 D T 1
0 0.3 1 0 0.3 1 0 0.5 1
MRasp MRy MRy
@) (b) ©
Figure 4: Experimental data and predicted values by Midilli et al. model of Sinki drying at: (a) 50; (b) 55; (c) 60°C.
Maseurafio®C) Maseura¢ii®C) Maseurafd0°C)
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Figure 5: Experimental data and predicted values by Midilli et al. model of Maseura drying at: (a) 50; (b) 55; (c) 60°C.

2.3. Effective Diffusivity (Defr)
The value of effective diffusivity increased with an increase in the drying temperature for all the samples. Equation 8 was used to calculate the effective
diffusivity, and the relationship between In(MR) and time is shown in figure 6, 7, and 8, respectively.
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Figure 6: Relationship between moisture ratio and time for Gundruk at: (a) 50; (b) 55; (c) 600C.
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Figure 7: Relationship between moisture ratio and time for Sinki.at: (a) 50; (b) 55; (c) 600C.
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Figure 8: Relationship between moisture ratio and time for Maseura.at:

(a) 50; (b) 55; (c) 60°C.
Samples dried at 50°C presented the lowest Detr, which were 9.78x107 m?/s, 8.73x10® m?/s, and 3.12x10-5 m?/s; and samples dried at 60°C had the
highest Derr, which were 1.83 x10°6 m?/s, 1.11 x105 and 3.69 x10-> m?/s for Gundruk, Sinki, and Maseura, respectively, as shown in table 5.

Fermented Drying  temperature Effective  diffusivity
products (°C) (m?fs)
Gundruk 50 9.78x107
55 1.50x10®
60 1.83x10®
Sinki 50 8.73x10°®
55 1.07x10°
60 1.11x10°
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Maseura 50
55
60

3.12x10°
3.49x10°
3.69x10°

Table 5. Values of effective diffusivity at various temperatures in cabinet drying of Gundruk, Sinki and Maseura.

A similar effect was also reported in previous studies (Arslan & Ozcan, 2010;
Chayjan et al., 2011; Chen et al., 2013; Jena & Das, 2007; Lee & Kim, 2009;
Nguyen et al., 2019). This table also shows that Maseura has the highest
and Gundruk have the lowest De. This result is due to the high thickness
of Maseura and the low thickness of Gundruk leaves. Also, the other
reason for its highest Defr can be due to the longer drying time needed to
dry Maseura.

2.4. Activation energy (Ea)

The activation energy and the estimated diffusivity constant were
calculated using equation 9 by plotting the relationship, as given in figure
9, which shows the impact of temperature on the effective diffusivity.
The natural logarithm of Des versus the 1/ T value was plotted, and the
slope of a straight line was used to calculate the activation energy.

Gundruk Sinli Maseura
0.003 0.0031 0.0032 0.003 0.0031 0.0032 0.003 0.0031 0.0032
13 . . 1113 ' | -10.15 - |
L y=-67657x+7.145 | y=-26018x-3.5638 g VT lEex-7ase
132w 7 R=pose 114 R®= 0.8455 ", "= 09654
= 5, ¥ " . 1025 4 %,
_r:.f 1244 g F‘E " T y
E . 5-115 4 o "
364 k = .
", -10.35 -,
L 116 - ’ A
13.8 | - :
L ] L ]
. -11.7 - 1045
214 (.45
T T T
(@) (b) (©)

Figure 9. Arrhenius-type relationship between effective moisture diffusivity and the reciprocal of absolute temperature for: (a) Gundruk, (b) Sinki; (c)
Maseura.

The diffusivity constant and activation energy were found to be 1268.51,
0.02833 and 8.65515x 102 m?s and 56.25, 21.63 and 15.08 kJ/mol
respectively for Gundruk, Sinki, and Maseura. The low activationenergy
of Maseura might be due to its high porosity. To comparison, for the
activation energy of fruits and vegetables, the values ranged between
14.42 and 43.26 kJ/mol for more than 90% of the activation energy
values, and 8% of the values were in the range of 78.93 to 130.61 kJ/mol,
in previous studies (Onwude et al., 2016).

3. Conclusions

The drying of indigenous fermented products of the Nepal Himalaya
region; Gundruk, Sinki, and Maseura was carried out at temperatures of
50°C, 55°C, and 60°C in a cabinet dryer. The drying temperature
significantly affected the drying rate of all products. The drying process
of these three products occurred in the falling rate period with no
constant rate period. The drying time fell continuously with an increase

Nomenclature
a, b, c k g, h n ki ke Drying constant
Det Effective moisture diffusivity
Do Arrhenius factor
Ea Activation energy
Mo Initial moisture content
dm Dry matter
MR Moisture ratio

Auctores Publishing — Volume 4(2)-042 www.auctoresonline.org
ISSN: 2637-8914

in air temperature. Five thin-layer drying models were used to explain the
drying kinetics of these products, of which the Midilli et al. model gave a
better fit for Gundruk, Sinki, and Maseura based on non-linear regression
analysis. The effective diffusivity increased with increasing temperature.
Maseura had the highest Dett whereas, Gundruk had the lowest Dest. The
Arrhenius equation was used to calculate the diffusivity constant, and
activation energy, and the values were found to be 1268.51, 0.02833, and
8.65515x 10° m?/s; and 56.25, 21.63, and 15.08 kJ/mol, respectively, for
Gundruk, Sinki, and Maseura.
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M Moisture content

N Number of observations

R Universal gas constant

R2 Correlation coefficient

RMSE Root mean square error

SSE Sum of square error

T Temperature
L Thin layer thickness
t Time
Subscripts
exp Experimental data
pre Predicted data
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