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The present work focuses on estimating the mass transfer coefficient (MTC) of Vietnam
Pseudapocryptes elongatus (P- Elongatus) fish dried in a hot air dryer. The drying regime
was established with 50-70°C drying temperature and 0.5-1.5 m/s air velocity. The MTC
was determined through the Biot-Dincer correlation. Results indicated that the moisture
transfer coefficient (hm) and the moisture diffusivity coefficient (De) behave linearly with
the drying temperature and air velocity. Increased drying temperature and air velocity
increased the De and hm. The computed results determined that the hm of fish was in the
range of 197.96x10°-389.43x10° m/s, and the De of fish was from 9.402x10° to
21.653%10° m?/s,

1. INTRODUCTION

Drying agricultural and aquatic products is one of the
essential techniques to prolong storage time and maintain
product quality. In practice, many different drying methods are
applied. However, the convective drying method is widely
used in the dried aquatic and agricultural because of its
simplicity and convenience [1, 2]. In the convective drying
method, the drying Kinetics study was a subject of interest to
many researchers [3, 4]. The results of the investigations
provide valuable academic and practical references in the
design and selection of appropriate drying modes. Many types
of materials from agricultural and aquatic have been
investigated, for instance: cassava chips [5], chickpeas [6],
black pepper [7], banana slices [8], silverside fish [9],
Pseudapocryptes elongatus fish [10], tilapia fish [11], sardine
muscles [12] crabs [13], shrimp [14], etc.

The moisture transfer coefficient and the moisture
diffusivity coefficient are characteristic parameters in the mass
transfer equations of the drying process. The moisture
diffusivity coefficient has been provided in many studies.
However, data on the moisture transfer coefficient was limited
due to the complexity of the approach. In many strategies, the
Biot-Dincer correlation is one of the simple approaches to
estimating the mass transfer coefficient (MTC) of dried
materials in the convective dryer [15]. It was an approach
established on the analogy between heat transfer and mass
transfer. Although the Biot-Dincer correlation has a
correlation coefficient of about 0.8, it was considered simple
in application and has the benefit of being applied to practical
[15, 16]. This approach has been applied in many
investigations related to the determination of the MTC.
Bezerra et al. [16] applied the Biot-Dincer correlation to
determine the MTC of passion fruit peel. Nguyen et al. [17]
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investigated the MTC of shrimp. Nguyen et al. [18]
investigated the MTC of burdock root. Ju et al. [19] examined
the MTC of yam and longan. Corzo et al. [20] investigated the
MTC of mango. Inquiries have proved the convenience of
estimating the MTC of various materials dried in the
convective dryer.

P-Elongatus fish is a type belonging to the Oxudercidae
family, with high economic value. The P-Elongatus fish are
raised and exploited in many Asian countries, including
Vietnam. Hot air drying is the main method used to dry
finished Vietnam P-Elongatus fish. The drying kinetics of the
P-Elongatus fish in a hot air dryer were also surveyed in our
previous investigation [10]. The drying data with drying
curves, mathematical models, and effective moisture
diffusivity coefficient were determined. However, the
moisture transfer coefficient of fish has not been provided. For
the purpose of determining the mass transfer coefficient of the
P-Elongatus fish as a basis to compare the potential drying of
P-Elongatus fish in a convective dryer with other drying
technologies in future studies. In the present work, the MTC
of fish are determined through the Biot-Dincer approach.
Furthermore, a numerical simulation with the application of
the MTC of P-Elongatus fish was performed in the present
work. This illustrates the application of the MTC to describe
the reduction in moisture content and visualize the moisture
content distribution inside fish. Therefore, the present work
focuses on two main contents. The first part presents the
method and results of determining the MTC of fish according
to the Biot-Dincer correlation based on drying data in the
previous literature. The second part presents the application of
the MTC to describe the reduction in moisture content and the
moisture content distribution inside fish. The research results
are expected to provide valuable academic and practical
references.
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2. ANALYTICAL METHODS

In the present work, the MTC of P-Elongatus fish was
estimated according to the Biot-Dincer correlation. The
analysis was performed based on experimental data in the
literature [10]. Some basic descriptions of the experimental
regime are as follows: drying samples have a size of 45 fish/kg
and a fish length of 140 5 mm. The samples were dried from
a 3.237 (d.b) initial moisture content to a 0.11 (d.b) final
moisture content. The drying modes were conducted with a
drying temperature of 50-70°C and air velocity of 0.5-1.5 m/s.

The details of the experiment can be found in the literature [10].

In the Biot-Dincer approach, the exponential equation used
to describe the reduction in moisture content is form follows
[21]:

Y =C.exp(—st) (1)
where, Y, C, s, and t are the dimensionless moisture content,
flag coefficient, drying coefficient, and drying time,
respectively.

The dimensionless moisture content is described by the
formula (ignoring equilibrium moisture content) [15, 22]:

v M
=

()
where, M is the dry basis moisture content, and Mo is the initial
dry basis moisture content.

The Dincer number is a parameter that characterizes the
influence of cold fluid velocity on the product cooling
coefficient in refrigeration applications. Due to the analog
between cooling and heating, the Dincer number can be used
to consider the influence of air velocity on the drying
coefficient in convective drying, which is estimated by the
formula [15, 19]:
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where, V (m/s) and L (m) are the air velocity and the
characteristic dimension of the material, respectively. The P-
Elongatus fish can be considered a cylinder with characteristic
dimension L=5.6978 mm [10].

The Biot number is a characteristic parameter representing
moisture diffusion resistance. It is estimated by the formula
[23, 24]:

“4)

where, hn (m/s) and D. (m?s) are the moisture transfer
coefficient and moisture diffusivity coefficient, respectively.

The moisture diffusivity coefficient can be determined
simply by developing Dincer and Dost [25]:

3 sL?

De—ﬁ
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where, gis the root of the solution to the moisture diffusivity
given in a simplified form for cylinder geometry [15]:

B = —3.4775C* + 25.285C3 — 68.43C*>

+82.468C — 35.638 ©)
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The Biot-Dincer correlation of some materials has been
established with a correlation coefficient of 0.8, specifically as
follows [15, 17]:

Bi = 24.848Di3/8 (7)

Egs. (1)-(7) were used to estimate the MTC in the present
study. The computed steps are as follows:

i. From the drying experimental data, determine
dimensionless moisture content according to Eq. (2).

ii. Determine the regression model of data points in form
Eq. (1), then determine the flag coefficient and drying
coefficient.

iii. Determine the Dincer number according to Eq. (3) and
the Biot number according to Eq. (7).

iv. Determine the g according to Eqg. (6), the D according
to Eq. (5), and the hy, according to Eq. (4).

3. RESULTS AND DISCUSSION
3.1 Mass transfer coefficient

Table 1 shows the mathematical model of drying curves of
P-Elongatus fish in a hot air dryer, which was provided in the
literature [10]. Figure 1 shows the dimensionless moisture
content data points, which were determined based on the
mathematical model in Table 1. Results show that the
dimensionless moisture content varies from 1 to 0.033. The
dimensionless moisture content decreases with drying time,
which is consistent with the drying theory. Furthermore,
Figure 1 also shows the regression line of the dimensionless
moisture content data points in form Eq. (1). The regression
models are compatible with data points, with correlation
coefficients R?>0.9900. The coefficients in the regression
model and correlation coefficients are shown in Table 2. The
variation of the flag coefficient is almost independent of
drying conditions, and the values are approximately equal to 1.
Meanwhile, the drying coefficient indicates its dependence on
drying conditions. Increased drying temperature and air
velocity increase the drying coefficient, which means the
drying process is faster. Figure 2 displays the contour of the
drying coefficient with the T and V. Results show that drying
temperature greatly affected the drying coefficient, meaning
that drying temperature is an important factor affecting the
drying ability of fish.

Table 3 depicts the MTC of P-Elongatus fish. The D, and
hm varied linearly with the drying temperature and air velocity.
Increased the T and V increase the De and hm. The D¢ of the
fish was from 9.402x10° to 21.653x10° m?/s. This value is
higher than that apprised in the literature [10]. The difference
is due to different estimation methods, which have also been
recognized in the conclusions of several related studies [15,
26]. The hy of the fish was from 197.96x10° to 389.43x<10°°
m/s. Under the same drying temperature conditions, the D¢ of
the cases of 1.5 m/s increases by 20.33-25.84% and 57.46-
75.28% compared to the cases of 1.0 m/s and 0.5 m/s,
respectively. Meanwhile, the hn of the cases of 1.5 m/s
increases by 5.67-13.51% and 9.32-27.57% compared to the
cases of 1.0 m/s and 0.5 m/s, respectively. Under the same air
velocity conditions, the D, of the cases of 70°C increases by
12.95-23.51% and 43.67-46.54% compared to the cases of
60°C and 50°C, respectively. The hy of the cases of 70°C
increases by 21.23-39.24% and 77.11-81.78% compared to the



cases of 60°C and 50°C, respectively. Results indicate that the
T and V significantly impact the De and hy. Table 4 shows the
MTC of P-Elongatus fish and some materials dried in a hot air
dryer. The MTC of P-Elongatus fish is similar to some aquatic
and agricultural materials. The hi, of P-Elongatus fish is lower

than that of passion fruit peel but higher than that of mango
slices. Meanwhile, the D. of P-Elongatus fish is higher than
that of shrimp, mango slices, and passion fruit peel. This
difference is due to differences in drying mode, material size,
material shape, and physical properties of the materials.

Table 1. The mathematical model of the drying curve of P-Elongatus fish [10]

Drying Mode

Y = f(t), with t (h)

T=70°C, V=1.5m/s _ Y=0.292065exp(-0.207869t) + 0.713196exp(-0.635587t)
T=70°C, V=1.0m/s  Y=0.253364exp(-0.177403t) + 0.75167exp(-0.58798t)

T=70°C, V=0.5m/s  Y=0.21096exp(-0.143766t) + 0.794214exp(-0.5414431)

T=60°C, V=1.5m/s Y=0.137848exp(-0.0962478t) + 0.865229exp(-0.467082t)
T=60°C, V=1.0m/s  Y=0.193291exp(-0.104496t) + 0.808002exp(-0.447316t)
T=60°C, V=0.5m/s  Y=0.171275exp(-0.086856t) + 0.818815exp(-0.382297t)
T=50°C, V=1.5m/s  Y=0.156542exp(-0.0723519t) + 0.827283exp(-0.341794t)
T=50°C, V=1.0m/s Y=0.194883exp(-0.0782684t) + 0.789325exp(-0.327332t)
T=50°C, V=0.5m/s _Y=0.182121exp(-0.0662631t) + 0.803938exp(-0.3192621)

R? > 0.9900
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Table 2. The coefficients in the mathematical model Y = C.exp(-s.t)

T(°C) V (mls) C s (1/s) Correlation Coefficients, R?

70 15 1.029 0.000115150 0.9948

70 1.0 1.033 0.000108541 0.9941

70 0.5 1.041 0.000102095 0.9931

60 15 1.027 0.000095354 0.9934

60 1.0 1.030 0.000083681 0.9919

60 0.5 1.037 0.000074145 0.9929

50 15 1.024 0.000066257 0.9918

50 1.0 1.027 0.000061085 0.9922

50 0.5 1.034  0.000058437 0.9900

Table 3. The MTC of P-Elongatus fish
T(°C) V (mls) Bi Di Dex10° (Mm?s)  hm>10° (m/s)

70 15 0.1025 2286231 21.653 389.43
70 1.0 0.1167 1616959 17.995 368.53
70 0.5 0.1479 859525 13.508 350.61
60 15 0.0955 2760865 19.170 321.22
60 1.0 0.1058 2097326 15.234 282.98
60 0.5 0.1312 1183535 10.937 251.80
50 15 0.0833 3973309 14.804 216.41
50 1.0 0.0941 2873149 12.280 202.73
50 0.5 0.1200 1501671 9.402 197.96

Table 4. The MTC of P-Elongatus fish and some materials

Material T (°C) V (m/s) hm>107 (m/s) Dex10° (m?/s) References
P-Elongatus fish 50-70 0.5-1.5 1.9796-3.8943 9.402-21.653 Present work
Passion fruit peel 50-70 2-35 4.53-8.702 6.32-19.94 [16]

Shrimp 50-60 1-2 0.981-4.478 4.34-21.27 [17]
Mango slices 50-80 1.8-1.91 0.107-0.772 0.104-0.85 [20]

3.2 Simulation of moisture content distribution

This section performs a simulation to describe moisture
distribution inside fish corresponding to the drying regime
with T=60°C and V=0.5 m/s. It illustrates applying the MTC
to describe the moisture content distribution inside fish. It is
considered at the time the average moisture content reaches
12% (w.b). The equations used in numerical simulation are as
follows:

The Fick’s second law of diffusion [17, 27]:

%—]‘t/[ =D,V*M (®)

The initial and boundary conditions at surface [17, 27]:
M =M,=3237 (db)att=0 9)
—D,VM = h,,(M,, — M,) (10)

where, My and M. are the moisture content at the surface of
fish and equilibrium moisture content, respectively.

The M. is very small and must be determined
experimentally. The M. of P-Elongatus fish data has not been
provided. In this study, the M. of fish is estimated similarly to
small shrimp and accepts this errors in the results. It can be
determined by Oswin's equation [17]. The M. of fish was
0.0455 (d.b), corresponding to 22% air relative humidity and
60°C drying temperature. Figure 3 is the fish size measured
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and modeled in 3D, with a fish length of 144 mm and a cross-
section distance of 10 mm. Figure 4 displays the computed
domain and boundary conditions used for simulation. A
symmetry boundary condition has been applied to reduce the
number of mesh elements and simulation time. Figure 5 shows
the mesh generation of the computational domain with
tetrahedral mesh, which improves the accuracy of the
simulation results. Mesh size of 0.5 mm and 1 second time step
were used in this simulation.

Figure 6 displays the moisture content distribution inside
fish when the average moisture content of fish is 12% (w.b). It
is observed in the symmetry surface and cross sections. The
moisture content tends to decrease from the center to the fish's
shell. The fishtail has the lowest moisture content because this
region has a small thickness, so moisture escapes quickly.
Meanwhile, the region from section (E) to section (G) has a
high moisture content due to high thickness. The average
moisture content is almost proportional to the cross-section
area. Figure 7 displays the moisture content according to the
drying data and numerical simulation results. The result shows
a good fit between the drying data and the simulated values,
with R?=0.9982. The maximum deviation in drying time
between the experiment and simulation is 26%. This deviation
is due to assuming the non-shrinkage material, the error of the
estimate method, and the error is due to other assumptions.
From the above discussion, it can be seen that applying MTC
combined with numerical simulation can illustrate the
reduction in moisture content well and visualize the moisture
content distribution well inside the material.
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4. CONCLUSIONS

The present work estimated the mass transfer coefficient of
Vietnam P-Elongatus fish dried in a hot air dryer per the Biot-
Dincer approach. The drying regime was established with an

air velocity of 0.5-1.5 m/s and a drying temperature of 50-70°C.

The main findings found were as follows:

The hy of fish was in the range of 197.96x10°-
389.43x10° m/s. The D, of fish was from 9.402>10° to
21.65310° m?/s.

The De. and hpn behave linearly with the drying
temperature and air velocity.

Increased air velocity increases the De and hy. When the
air velocity was increased under the same drying
temperature conditions, the highest increase of the De
and hy were found to be about 75.28% and 27.57%,
respectively.

Increased drying temperature increases the De and hp.
When the drying temperature was increased under the
same air velocity conditions, the highest increase of the
D, and hy, were found to be about 46.54% and 81.78%,
respectively.

The MTC of Vietnam P-Elongatus fish dried in a hot air
dryer is determined in the present work. Results can be
used as a reference, comparing drying P-Elongatus fish
with other drying technologies in future studies, thereby
providing a more complete assessment of the method of
drying P-Elongatus fish in practice. In the future,
research on drying P-Elongatus fish in the solar dryer
or the hot air dryer combined with other methods will
be considered. This will provide data to compare drying
abilities between drying methods and the potential to
apply them to actual production.
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NOMENCLATURE

Y dimensionless moisture content

C flag coefficient

S drying coefficient, s

t drying time, s

M dry basis moisture content

T drying temperature, °C

\% air velocity, m.s*

L characteristic dimension of the material, m

Bi Biot number

Di Dincer number

hm moisture transfer coefficient, m.s?

De moisture diffusivity coefficient, m2.s*!

Greek symbols

B root of the transcendental characteristic equation
Subscripts

0 initial

w surface

e equilibrium





