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Abstract: This study investigated experimentally and numerically the influence of ultrasound pre-
treatment on the drying kinetics of sliced carrot samples. Drying experiments were performed
under different conditions, including scenarios with and without ultrasound pre-treatment at drying
temperatures of 30 ◦C, 40 ◦C, and 50 ◦C. A diffusion-based-drying model was developed to study
the impact of ultrasound pre-treatment on drying kinetics. The effective moisture diffusivity of
carrots was expressed as a function of moisture content and temperature. Given the complexity of
the dehydration process in carrot slices, which depends on the spatiotemporal variations in moisture
content and temperature, and is challenging to monitor experimentally, the effective moisture diffu-
sivity is computed by minimizing the discrepancy between numerical predictions and experimental
moisture-content changes over time. This study revealed that ultrasound pre-treatment significantly
enhanced the moisture diffusivity of the samples, increasing it by 43% to 90% at drying temperatures
of 40 ◦C and 50 ◦C, respectively. To apply this analysis of ultrasound pre-treatment in large-scale
dryers where thousands of slices may be involved, the proposed diffusion model was simplified
to a characteristic drying-curve model. Afterwards, this characteristic drying-curve model was
incorporated into a belt-dryer model. The results indicated a 12% reduction in the length of the belt
dryer when ultrasound pre-treatment was applied. Additionally, the color of carrot samples was
preserved better with ultrasound pre-treatment. On the basis of these results, the application of
ultrasound pre-treatment in the hot-air drying of carrot slices was favored, both in terms of improved
drying kinetics and quality aspects.

Keywords: ultrasound pre-treatment; drying kinetics; product quality; effective moisture diffusivity;
drying models; scale up

1. Introduction

The carrot (Daucus carota L.) is a popular root vegetable which is commonly seen
as orange in color. From a nutrition point of view, carrots are a good source of alpha-
and beta-carotene, vitamin K, and vitamin B6. Carrots are planted worldwide, with
a production of around 44 million tons in 2019 according to the data from Food and
Agriculture Organization (FAO). Traditionally, the taproot of carrot is freshly eaten in daily
meals. Nowadays, in addition to their fresh consumption, carrots have been dried to
prolong storage time and save transport cost. Dried carrot is used in the production of
instant soups, instant sauces, ingredients for stuffings, casseroles, stews, and ped food [1].

Carrot is often dried at high temperatures in tunnel, tray, and belt dryer systems, with
hot air serving as the drying agent. The heat and mass transfer kinetics of carrot in the
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course of hot-air drying has been investigated in several previous studies. Traditionally,
the moisture diffusivity of carrots during the hot-air-drying process has been described
by the Arrhenius equation and the modified Arrhenius equation [2–7]. The difference in
core and annular moisture diffusivity in carrot was also investigated [8]. The impact of
drying conditions on the product quality aspects (color, chemical composition: β-carotene,
antioxidants, vitamin B1, B2, polyphenols, etc.) was experimentally investigated [9–11].
Recently, to improve product quality and to reduce energy consumption, carrot has been
dried in a low-temperature air environment [12–14]. However, since the temperature
difference between the drying agent and the product is small, the drying process at low
temperatures is often slow. External energy sources (such as microwave, infrared, and
ultrasound (US)) have, therefore, been used to assist the drying process by enhancing
water vaporization [12,14,15]. The US-assisted drying process has experimentally been
proven to shorten drying time and improve product quality. This implies that US-assisted
drying techniques have the potential to save energy and improve the economic benefit
of food processing products. In the laboratory-scale dryer, it has been demonstrated that
the integration of US pre-treatment in conjunction with microwave and hot-air drying
effectively reduces the specific energy consumption required to remove one kilogram of
water. The reduction falls within the range of 10% to 20% for various products, such
as pistachio kernel, basil, and raspberries [16–18]. Furthermore, the introduction of US
pre-treatment can enhance overall energy efficiency by a margin, ranging from 16% to 29%,
as reported in [19]. Thus, for the industrial sector to effectively implement US-assisted
drying techniques, a comprehensive understanding of drying kinetic in US-assisted drying
is essential [20].

In addition to using US sources to assist the drying process directly, US pre-treatment
has also been progressively applied in recent years and has demonstrated the potential
to significantly reduce the drying time of carrots as reported, for example, in the work of
Ricce et al. [21], Wang et al. [22], and Gamboa-Santos et al. [23]. This positive impact of US
pre-treatment on drying behavior is attributed to the cavitation due to powerful waves in
liquid solutions which is dependent on the properties of the liquid, the presence of air, and
the acoustic power of the ultrasonic system. The use of US causes cavitation by producing
micro gas bubbles within a liquid. These bubbles, when they burst, release powerful
shock waves and free radicals across the cell membrane, both of which contribute to the
inactivation of microorganisms. Despite this understanding, however, the mathematical
description of the drying processes remains at the empirical level, where models such
as Page and Newton models have been used. Furthermore, the enhancement of US pre-
treatment on moisture diffusivity has not been considered.

This paper describes our attempts to investigate the impact of US pre-treatment on the
drying kinetics of carrot slices. Classically, the diffusion model is used to investigate the
drying kinetics of a single slice. The effective moisture diffusivity of a single carrot slice has
been determined from the solution to Fick’s equation under isothermal conditions. When
the variation in surface temperature is significant, the isothermal approximation may not be
appropriate. Additionally, since the respective simulations are performed for a single slice
under constant gas properties, they cannot reflect the influence of actual maldistribution
of gas velocity, temperature, and relative humidity in the dryer on the drying process of a
huge population of slices. To pave the way for designing procedures and optimization of
the dryer operation, several conveyor-belt-drying models have been developed [24–27]. In
the work of Montazer-Rahmati and Amini-Horri, a correlation of drying flux depending on
the moisture ratio, gas temperature, and gas velocity was integrated into the belt-drying
model [27]. Since the correlation is purely fitted from experiment data, the extrapolation
ability of the model is still questionable. Recently, Firso developed conveyor-belt-drying
models to determine the required dryer length for the designed final moisture contents of
the product [25]. In these models, the critical moisture-content and the relation between
the drying flux and drying conditions remain unchanged.
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In this paper, a one-dimensional diffusion model that incorporates the heat and mass
transfer processes is developed to simulate the drying process of carrots. Following the
Section 1, a description of the diffusion model of a single carrot slice and the related
numerical scheme are detailed. The mathematical model of the conveyor-belt-drying
model is presented. Instead of using the empirical model or correlation, the heat and
mass interaction between the drying product and airflow is expressed by a semi-empirical
model which is reduced from the diffusion model. The validity of the diffusion model
is qualitatively checked against the experimental observations, with fair agreement. The
diffusion model, which describes the drying process of a single slice, is reduced to a
semi-empirical characteristic drying-curve model and this model is then integrated into
the belt-dryer model. After that, the comparison between the drying process with and
without US pre-treatment is presented in the belt-dryer model. The color of dried carrot
obtained in different drying scenarios is explored to examine qualitatively the quality of
the dried product.

2. Material and Experimental Methods
2.1. Material

The typical fresh carrot from Northern Vietnam was chosen as the material for this
study. Only carrots with a length longer than 200 mm and a maximal diameter larger than
30 mm were selected for the experiments. The fresh carrot was cleaned, and tissue was
used to remove superficial water. Slicing was performed using two thin parallel knives,
with the distance between the two knives adjusted to ensure a constant slice thickness of
2 mm. Half of the carrot slices were stored in a glass bottle in a refrigerator, while the
other half were subjected to ultrasound pre-treatment before the drying experiments were
carried out.

2.2. Experimental Apparatus

An SUS 304 tank with a volume of 0.8 L filled with distilled water was used for the
experiment. A US transducer with a frequency of 40 kHz and power of 50 W was attached to
the tank’s outer surface. For the pre-treatment, the carrot slices were soaked in water under
the effect of ultrasound. It has been demonstrated that extended US pre-treatment time can
accelerate the drying process [21]. However, when the pre-treatment time was extended
from 30 min to 60 min, the discrepancies in moisture-content evolutions over time were
negligible. Additionally, the cavitation effect may lead to the disruption of the carrot’s cell
wall, allowing the release of various bioactive substances such as antioxidant compounds,
carotenoids, and flavonoids into the surrounding liquid medium [20]. Following pre-
treating, any superficial water on the sample surface was removed using tissue before the
samples were stored for the drying experiments.

The experimental system used in this work is schematically presented in Figure 1. Air
was introduced into the drying chamber through a variable-speed fan, and the air tem-
perature was controlled using a controller. To maintain uniform air velocity, a perforated
distributor was employed. The sample was placed in a plastic wire mesh tray with a mesh
size of 10 mm × 10 mm, which was connected to a load cell (1006—Pavone Italia) before
being connected to a transducer (DAT500—Pavone, Concorezzo, Italia) with an output
range of 0–5 V. The temperature and relative humidity of the drying agent were continu-
ously monitored using a datalogger (MCC-2416, Measurement Computing Corporation,
Norton, USA). The air velocity, measured with a hot wire anemometer (HHF-SD1—Omega,
Norwalk, USA), was maintained at a constant rate of 0.9 m/s by fixing the fan speed, while
the air temperature was varied between 30 ◦C and 50 ◦C. This low drying temperature was
chosen to avoid excessive cell damage, as higher temperatures, such as 60 ◦C, can lead to
increased cell damage [21]. For each drying condition, the experiments were performed five
times, resulting in a total of 30 experiments performed under 6 different drying conditions.
The drying experiments were conducted when the change in sample mass was less than
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0.01 mg after 3 min. The appearance of the dried products was captured using a camera
and subjected to color analysis.
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Figure 1. The schematic of the experimental apparatus used for drying experiments.

2.3. Determination of Moisture Content

The moisture content of the fresh carrot was determined following standard ASTM
D4442-92. The sample was dried at 103± 2 ◦C for 2 h in a forced convection drying chamber
Dry Cabinet GMP500 (Thermo-plus). Dealing with an assumption that the volatile chemical
released during the oven-dry process is negligible, the oven-dry mass was considered as
the solid mass Mdry. The intermittent moisture content of the sample was calculated as

Xi(ti) =
Mi(ti)−Mdry

Mdry
(1)

where Xi (kg water/kg dry solid) and Mi (kg) are, respectively, the moisture content and
the mass of the sample at time step ti.

3. Drying Model
3.1. Diffusion Model

The diffusion-drying model is used in this work to describe the drying process. The
underlying idea of the diffusion model was that the mixture of liquid water and water
vapor was treated as a single phase named moisture. Based on Fick’s law of diffusion, the
driving force of the moisture transport was assumed to be the gradient of the moisture
content. The mass conservation of moisture was written as the evolution of moisture
concentration due to the moisture diffusion flow

∂ρ0X
∂t

= ∇ ·
[

De f f∇(ρ0X)
]
, (2)

where ρ0 =
Mdry

V (kg dry solid/m3) is the apparent density of the dried medium. The
effective diffusivity of moisture in the porous medium Deff (m2/s) is defined as the ratio
between the moisture flux and the moisture-content gradient. Indeed, the convection–
diffusion transport mechanism of the liquid-vapor mixture in the heterogeneous void space
of the food during the process is lumped into this artificial effective diffusion coefficient
concept. The Arrhenius equation is classically used to represent the relationship between
the diffusivity and temperature to estimate the effective moisture diffusivity

De f f = D0exp
(
− Ea

RT

)
, (3)

where D0 is the Arrhenius factor (m2/s), Ea denotes the activation energy [kJ/mol]. The
relationship shown in Equation (3) is named the temperature-dependent effective diffusivity
model. Recently, Kumar et al. proposed that the moisture diffusivity of food products can
be represented as a function of their moisture content as [28]

De f f = Dre f

(
1 + X0

1 + X
ρl(1 + X) + ρ0X

ρl(1 + X0) + ρ0X0

)2
, (4)
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where Dref and X0 are the reference moisture diffusivity and the initial moisture content,
respectively. Equation (4), which is referred to as the moisture-dependent effective diffu-
sivity model, shows that the effective moisture diffusivity reduces with the reduction in
moisture content. This hypothesis can be explained as the liquid water accumulated in the
large pores of the medium is removed sooner and easier than from the small pores due to
the capillary action and Kelvin effect. Firstly, the liquid in the large pores is pumped to the
small pores under the capillary force, and it thus keeps the small pores wet longer. Secondly,
since the concave liquid curvatures are formed in the partly wetted pores of hygroscopic
materials, the equilibrium vapor pressure at the liquid–gas interface becomes smaller with
the reduction in pore size, which is known as the Kelvin effect. Therefore, the vapor
pressure difference between the gas phase and the liquid surface reduces, and the internal
vaporization is restrained in tiny pores. Conclusively, the effective moisture diffusivity
becomes smaller with the order of the dehydration process from large to tiny pores.

It is worth noting that the moisture-dependent effective diffusivity model does not
directly consider the influence of drying temperatures on volume shrinkage. The exper-
imental findings suggest that higher drying temperatures promote volume shrinkage,
resulting in a reduction in pore size as the drying temperature increases. Consequently,
it is reasonable to anticipate that the effective moisture diffusivity is influenced by both
moisture content and drying temperature. In the context of the hot-air drying of carrots, the
moisture diffusivity has been well represented as an exponential function of both moisture
content and temperature. Therefore, in this study, to examine the impact of ultrasound
pre-treatment on drying kinetics, the moisture-dependent effective diffusivity model is
adapted to incorporate the additional influence of temperature as

De f f = D0exp
(
− Ea

RT

)(
1 + X0

1 + X
ρl(1 + X) + ρ0X

ρl(1 + X0) + ρ0X0

)2
, (5)

with Dre f = D0 exp
(
− Ea

RT

)
.

The energy balance equation is written as the change in temperature caused by the
heat conduction in the medium and the enthalpy flow of the water diffusion, namely [29,30]

∂

∂t

[(
ρ0cp,s + ρ0cp,lX

)
T
]
−∇ ·

[
De f f cp,lT∇(ρ0X)

]
−∇ ·

[
λe f f∇(T)

]
= 0. (6)

In Equation (6), ce f f (J/kg.K) and ρe f f (kg/m3), respectively, denote the effective heat
capacity and density of the medium; cp,l (J/kg.K) denotes the specific heat capacity of liquid
water; and λe f f (W/m.K) denotes the effective thermal conductivity of the porous medium.
These thermal properties of carrots are determined from their constituents, according to [31]

ρ =
1

∑ xi
ρi

; c = ∑ xici; and λe f f =
∑ xiλi

ρi

∑ xi
ρi

, (7)

where xi is the mass fraction of food components including protein, fat, carbohydrate, fiber,
ash, and gas. Particularly, the mass fraction of the components of fresh carrots is presented
in Table 1. A detailed description of the physical properties (density, specific heat capacity,
and thermal conductivity) of the constituents can be found in [32].

Table 1. The mass fraction of the constituents of a fresh carrot sample [4].

Constituent Moisture Protein Fat Carbohydrate Fiber Ash

Mass fraction (%) 88.29 0.93 0.24 6.58 3.00 0.96
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To solve the differential equation system of the diffusion model (Equations (2) and (6)),
boundary conditions are needed. Particularly, a thin layer of carrot with a radius of d and
thickness of δ is subjected to atmospheric pressure hot-air drying with a constant drying
temperature of Tg and a relative humidity of RH (c.f. Figure 1). The carrot slice is initially
at a uniform temperature of T0 and moisture content of X0 (kg water/kg dry solid). Since
the diameter of the slice is more than ten times the thickness, the heat and mass transfer
processes are assumed to be one-dimensional. A one-dimensional coordinate system with
the origin located at the sample center is used to solve the drying model, the boundary
equations of the developed heat and mass transfer model at the sample surface, i.e., z = δ

2 ,
are written as

jw · n = −β
(

ρv,sur f − ρv,g

)
, (8)

je · n = −α
(

Tg − Tsur f

)
+ ∆hevpβ

(
ρv,sur f − ρv,g

)
(9)

In Equations (8) and (9), n denotes the outward unit normal vector pointing out
of the sample surface, and jw and je are the vapor and heat fluxes transferred from the
sample surface towards the bulk steam, respectively. For a single slice of carrot with the
flow configuration presented in Figure 1, the heat and mass transfer coefficients (α and β,
respectively) are determined from the correlations

Nu = 2 + 0.616Re0.52Pr
1
3 , (10)

Sh = 2 + 0.616Re0.52Sc
1
3 (11)

In Equations (10) and (11), Nu = αd
λg

, Re = ωgd
υg

and Pr = cp,gµg
λg

are the dimensionless

Nusselt, Reynolds, and Prandtl numbers, respectively. Additionally, Sh = βd
δva

, Sc =
υg
δva

denote the Sherwood and Schmidt numbers. The characteristic diameter ds used in the
calculation of the Nusselt, Reynolds, and Sherwood numbers is obtained by the ratio of the
surface area over the perimeter of the projection perpendicular to the airflow [29],

ds =
2πdδ + πd2

2
4δ + 2d

. (12)

To calculate the mass and energy fluxes at the sample surface (c.f. Equations (8) and (9)),
the vapor density at the sample surface needs to be known. In this study, based on the ideal
gas theory, it can be computed from the vapor pressure as

ρv,sur f =
pv,sur f
R
µv

Tsur f
. (13)

The vapor pressure pv,sur f is calculated from the saturated vapor pressure pv,sat

(
Tsur f

)
and the sorption isotherm of the carrot aw as

pv,sur f ≈ pv,sat

(
Tsur f

)
aw, (14)

where pv,sat

(
Tsur f

)
is the saturated pressure of pure water at the surface temperature Tsur f

and is computed from the Antoine equation [32] as

pv,sat

(
Tsur f

)
= exp

(
23.462− 3978.205

233.349 + Tsur f [oC]

)
. (15)



Appl. Sci. 2023, 13, 11865 7 of 17

To model sorption isotherms, several models, such as the Langmuir model, the BET
model, and the Henderson model, can be used. In this work, the GAB equation, which
effectively represents the impact of equilibrium water activity in the range of 0.1 to 0.9 on
moisture content, is used to describe the sorption isotherm curve of the carrot [5]

X =
b0b1b2aw

(1− b1aw)(1− b1aw + b1b2aw)
; b1 = b10exp

(
b11

RT

)
; and b2 = b20exp

(
b21

RT

)
, (16)

where the parameters are taken from [33]: b0 = 21.2, b10 = 5.94 × 10−5, b11 = 28.9,
b20 = 8.03, and b21 = 5.49.

For the center of the sample z = 0, the symmetrical boundary conditions are recalled

jw · n = 0 and je · n = 0. (17)

The developed heat and mass transfer model (Equations (2) and (5)) is numerically
solved using the finite volume method. A detailed description of the spatial discretization
procedure can be found in our previous studies [29,32]. The resulting time-dependent dif-
ferential equation system is solved using a MATLAB code in which the ode23s function—a
MATLAB non-linear solver—is incorporated. Additionally, a mesh independence study is
performed to ensure the solution’s accuracy. It is confirmed that when the number of grid
nodes exceeds 50, the solutions and time step are less than 0.1 s, and the mean temperature
and moisture-content evolutions over time remain unchanged with the refinement of mesh.
Thus, the numerical solution obtained with a grid of 50 nodes and a time step of 0.1 s is
used in the rest of this paper.

3.2. Conveyor-Belt-Dryer Model

As discussed, the diffusion model considers the heat and mass transfer process of a
single slice, so it cannot be applied to modeling the drying process of an actual dryer where
thousands of slices interact with the drying agent. In this section, a mathematical model
of a co-current conveyor-belt dryer is developed. A systematic sketch of the belt dryer is
presented in Figure 2. The steady-state operation of the dryer is assumed herein.
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The interaction between the wet solid and the drying agent can be described based
on the principle that the mass flow rate of dry solid remains unchanged, while the change
in the mass of water is attributed to liquid vaporization. The convective thermal energy
absorbed by the wet solid from the drying agent serves the dual purpose of heating the
wet solid and facilitating evaporation. Thus, the heat and mass balance equations for the
wet solid are written as

GsdX = −gvdF, (18)

(Gscs + GsXcl)dT = αb(Ta − Ts)dF− ∆hevpgvdF (19)



Appl. Sci. 2023, 13, 11865 8 of 17

where Gs(kg dry solid/s) is the mass flow rate of the dry solid, αb (W/m2K) is the convective
heat transfer between the wet solid and the airflow, dF = W.dl (m2) is a differential area
with W (m) as the width of the belt, l is the length of the belt, and gv is the evaporation flux
from the wet solid (kg/m2s).

Similarly, the moisture content of the airflow varies as a result of the vapor evaporated
from the wet solid. Additionally, alterations in the total energy of the airflow occur due
to the convective thermal energy transferred to the wet solid and the enthalpy flow of the
vapor transported from the wet solid to the airflow. Consequently, the mass and energy
conservation equations for the drying agent are expressed as

GadYa = gvdF, (20)

Gadha = ∆hevpgvdF− αb

(
Ta − Tf

)
dF (21)

where Ga (kg dry air/s) is the mass flow rate of dry air, and ha = cp,aTa +Ya
(
∆hevp + cp,vTa

)
(J/kg dry air) is the specific enthalpy of the humid air. After arrangement, the heat and
mass transfer equations of the belt-dryer model can be rewritten in the form of an ordinary
differential equation system as

dX
dl

=
−gvW

Gs
, (22)

dT
dl

=
αb(Ta − Ts)W
Gscs + GsXcl

−
∆hevpgvW

Gscs + GsXcl
(23)

dYa

dl
=

gv

Ga
W (24)

dha

dl
=

∆hevpgvW − αb

(
Ta − Tf

)
W

Ga
(25)

For solving this system of differential equations, the evaporation flux from the prod-
uct’s surface needs to be known. Theoretically, the diffusion model can be applied to
accurately describe the heat and mass interaction of the product, however, the compu-
tational cost of solving the partial differential equation system of the diffusion model is
expensive. This high computation cost becomes a serious problem when the calculation
needs to be performed simultaneously for thousands of slides. Thus, this complicated
diffusion model is reduced to a semi-empirical model, named the characteristic drying-
curve model. The internal mass transfer resistance is omitted, and the drying process
is controlled solely by the external mass transfer resistance between the airflow and the
product’s surface. This simplification is acceptable for thin slices. The drying process is
divided into the first and the second drying periods. During the first drying period, when
the moisture content X is high, the liquid is strongly pumped to the surface under capillary
action. It helps to keep the sample surface wet enough that it can be considered as a purely
liquid surface. Thus, the evaporation flux can be computed as

gv,I = β
(
ρv,sat − ρv,g

)
. (26)

The second drying period commences when the sample surface is partly dried. The
drying rate is lowered due to the combination of weaker capillary action and a smaller
wetted area. Thus, compared to the evaporation flux of the first drying period, the drying
rate now is reduced by a drying rate retardation coefficient f written as

gv,I I = f β
(
ρv,sat − ρv,g

)
. (27)
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The transition point between the first and second drying periods is named the critical
point. To compute the evaporation flux, the drying rate retardation coefficient f and the
critical moisture content Xcr are established from the simulation results of the diffusion
model. The critical moisture content Xcr is determined at the time when the drying rate
reduces significantly. The drying rate retardation coefficient f is considered as a regression

f (Xn) =
p Xn

1 + (p− 1)Xn
. (28)

In Equation (28), Xn =
X−Xeq

Xcr−Xeq
is the normalized moisture content and p is a fitted

constant. The proposed conveyor-belt-drying model is solved by using a built-in solver on
Matlab software 2023b, i.e., ode23s. As with the diffusion model, the mesh-independent
convergence of the conveyor-belt-drying model is checked. A mesh of belt length with
1,000,000 nodes and a time step of 1 s are used in the simulations reported in this work.

4. Results and Discussion
4.1. Influence of Ultrasound Pre-Treatment on Product Quality

In this work, the quality of the drying product is investigated by comparing the color
of fresh and dried carrots. To ensure the accuracy of the appearance assessment, the drying
processes were triply repeated for 100 g of carrot slices in each experiment, using a large
tray. Exemplary images of fresh carrots and carrots dried under different drying conditions
are presented in Figure 3. Furthermore, the color of the dried sample was measured using
a Colorimeter CHN SPEC CS-10. The samples were explored under a standard light source.
Reflected light was captured across the entire visible spectrum and electrically filtered into
narrow bands of color. In CIELAB color space, color is characterized by three parameters,
namely L, a, and b [29]. The L value, varying in range from 0 to 100, is used as an indicator
of brightness. The a value indicates chromaticity on a green to red axis with the respective
values of −60 and of 60; b indicates chromaticity on a blue (i.e., b = −60) to yellow axis (i.e.,
b = 60). Compared to the fresh carrot, the color changes (∆E) of dried product for the total
color difference is computed as [34]

∆E =

√(
L− L f resh

)2
+
(

a− a f resh

)2
+
(

b− b f resh

)2
. (29)

The color parameters L, a, b, and ∆E are presented in Figure 4. As can be seen, a smaller
∆E obtained from the dried sample pre-treated by US indicates that the US pre-treatment
favors the color preservation of the carrot. However, with a high drying temperature Tg of
50 ◦C, the ∆E deviation in cases with and without US pre-treatment becomes marginal. It
implies that US pre-treatment significantly enhances the color preservation of carrots only
at low drying temperatures (i.e., 30 ◦C and 40 ◦C). Additionally, for both US pre-treated and
non-US pre-treated drying products, the color changes at a drying temperature Tg of 40 ◦C
are the highest. It can be expected that the color changes were due to both drying time and
drying temperature. For instance, at Tg = 40 ◦C, the incorporation of high temperature and
long drying time leads to a significant color change. At Tg = 50 ◦C, although the drying
temperature is the highest, the shorter drying time is the main reason for the marginal
color change.
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4.2. Influence of Ultrasound Pre-Treatment on Drying Kinetics of a Single Slice

In addition to the quality properties, the influence of US pre-treatment on the mass
transport property is explored. The effective moisture diffusivity is determined numerically
by using the inverse method. An objective optimizing function g

(
Dre f

)
is defined as the

sum of the square of the difference between numerical and experimental moisture content,
i.e., Xi,sim and Xi,exp, as

g
(

Dre f

)
= ∑

i=1:end

(
Xexp(ti)− Xsim(ti)

)2, (30)

where ti denotes the time interval i of the data sampling. Thus, the value of reference mois-
ture diffusivity Dre f is obtained while the discrepancy between numerical and experimental
moisture-content evolutions is minimized. Both optimized numerical and experimental
moisture-content evolution of carrot slices during drying processes are plotted together in
Figure 5. As can be seen, a good agreement between numerical and experimental drying
histories indicates the reliability of the obtained reference moisture diffusivity. Based on the
determined values of reference moisture diffusivity, the activation energy Ea and Arrhenius
factor D0 are fitted, these parameters for US pre-treatment and non-pre-treatment drying
processes are presented in Table 2. As can be seen in Figure 6, the effective moisture
diffusivity has been enhanced significantly by the US pre-treatment. The reference moisture
diffusivity increases by more than 30% when the US pre-treatment is applied. The obtained
benefits of US pre-treatment on drying kinetics and product color align with previous
studies where the effective moisture diffusivity was shown to increase by up to 120%,
resulting in a drying time reduction of approximately 20% and improved product quality
for carrots and different fruits [35–39]. The improved heat transfer in cellular materials due
to US pre-treatment can be attributed to cavitation, the sponge effect, and the formation of
microchannels. The formation of microchannels, resulting from the ruptures of tissues and
cells caused by acoustic cavitation, is a significant contributing factor [16]. This implies that
the duration of pre-treatment, the nature of the propagation solution, and the temperature,
can directly influence the drying acceleration. This hypothesis should be investigated
through X-ray micro-computed tomography measurements in future research.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 12 of 18 
 

In addition to the quality properties, the influence of US pre-treatment on the mass 
transport property is explored. The effective moisture diffusivity is determined numeri-
cally by using the inverse method. An objective optimizing function ( )refg D  is defined 
as the sum of the square of the difference between numerical and experimental moisture 
content, i.e., ,i simX  and ,expiX , as 

( ) ( ) ( )( )2

1
ref exp i sim i

i :end
g D X t X t

=

= −∑ , (30) 

where ti denotes the time interval i of the data sampling. Thus, the value of reference mois-
ture diffusivity refD  is obtained while the discrepancy between numerical and experi-
mental moisture-content evolutions is minimized. Both optimized numerical and experi-
mental moisture-content evolution of carrot slices during drying processes are plotted to-
gether in Figure 5. As can be seen, a good agreement between numerical and experimental 
drying histories indicates the reliability of the obtained reference moisture diffusivity. 
Based on the determined values of reference moisture diffusivity, the activation energy 

aE  and Arrhenius factor 0D  are fitted, these parameters for US pre-treatment and non-
pre-treatment drying processes are presented in Table 2. As can be seen in Figure 6, the 
effective moisture diffusivity has been enhanced significantly by the US pre-treatment. 
The reference moisture diffusivity increases by more than 30% when the US pre-treatment 
is applied. The obtained benefits of US pre-treatment on drying kinetics and product color 
align with previous studies where the effective moisture diffusivity was shown to increase 
by up to 120%, resulting in a drying time reduction of approximately 20% and improved 
product quality for carrots and different fruits [35–39]. The improved heat transfer in cel-
lular materials due to US pre-treatment can be attributed to cavitation, the sponge effect, 
and the formation of microchannels. The formation of microchannels, resulting from the 
ruptures of tissues and cells caused by acoustic cavitation, is a significant contributing 
factor [16]. This implies that the duration of pre-treatment, the nature of the propagation 
solution, and the temperature, can directly influence the drying acceleration. This hypoth-
esis should be investigated through X-ray micro-computed tomography measurements in 
future research. 

 
Figure 5. Numerical and experimental moisture-content evolution over time during the hot-air-dry-
ing process with (a) and without (b) US pre-treatment. 

 

Figure 5. Numerical and experimental moisture content evolution over time during the hot-air-drying
process with (a) and without (b) US pre-treatment.



Appl. Sci. 2023, 13, 11865 12 of 17

Table 2. The activation energy and Arrhenius factor used in the calculation of reference moisture diffusivity.

Drying Process D0×103 (m2/s) Ea (KJ/mol.K)

With US pre-treatment 87.76 1.01

Without US pre-treatment 41.62 49.53
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Due to the penetration of liquid water into the sample during the soaking time, the
initial moisture content also increases, i.e., the average initial moisture content of a fresh
carrot of 8.60 kg water/kg dry solid, and the average moisture content of a soaked carrot of
8.97 kg water/kg dry solid, resulting in the prolongation of drying time. For a comfortable
comparison, the numerical simulations are additionally performed with identical initial
conditions of X0 = 8.8 kg water/kg dry solid, T0 = 20 ◦C, and Tg = 50 ◦C, pv,g = 2000 Pa for
both US pre-treatment and non-pre-treatment drying processes. The results are plotted
together in Figure 7. As can be seen, for the US pre-treated case, the sample surface remains
wet longer due to the larger moisture diffusive flux. Thus, the surface temperature remains
at the saturated adiabatic temperature of the drying agent for a longer time. This may be a
reason helping to explain the lower color change obtained with carrot slices pre-treated by
the US compared to the non-pre-treated product.
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4.3. Influence of Ultrasound Pre-Treatment on Drying Kinetics of Conveyor-Belt Dryer

Based on the numerical results, the parameters of the characteristic drying-curve
model are established. As can be seen in Figure 8, the numerical drying kinetic curve can
be divided into two periods. In the first drying period, the drying rate remains more or less
constant with a high value. When the moisture content is lower than the critical moisture
content, the drying rate drops quickly, and the second drying period commences. This
drying behavior has been observed in the experimental data as well. The critical moisture
content Xcr is determined from the numerical drying curve at the transition point between
these two periods. The impact of drying temperature and US pre-treatment on the critical
moisture content is plotted in Figure 9. As can be seen, the critical moisture content reduces
when the drying temperature increases. It can be reasoned that at high temperatures, a large
value of the effective moisture diffusivity (Figure 5) can help to sustain the sample surface
sufficiently wetted for a longer period. Additionally, the effective moisture diffusivity
is enhanced by the US pre-treatment; therefore, a lower critical moisture content can be
observed compared to the non-pre-treatment drying process.
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Afterwards, the drying rate retardation coefficient f of the second drying period is
computed as the ratio between the temporal drying rate and the drying rate at the transition
point. The numerical drying rate retardation coefficient f is correlated as a function of
the normalized moisture content Xn using Equation (28). The result indicates that at
high temperatures, the relationship between Xn and f approaches linearity. However,
for the sake of model simplicity, the data obtained from different temperatures are all
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fitted together. Values of p = 0.718 and p = 0.746 are used to represent the drying rate
retardation coefficient f for the non-pre-treatment and US pre-treatment drying processes,
respectively. The discrepancy between the correlated characteristics drying curve and the
numerical drying curve obtained from the diffusion model is presented in Figure 10. As can
be seen, the correlation using Equation (28) fairly reflects the numerical drying behavior.
Thus, Equation (28) with p values of 0.718 and 0.746 can be readily integrated into the
conveyor-belt-drying model.
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The conveyor-belt-drying model simulation is performed on both non-pre-treated
and US pre-treated carrot slices, with the operational conditions outlined in Table 3. The
simulation results are plotted in Figure 11. The results indicate that US pre-treatment
accelerates the drying process in the belt dryer. The solid temperature remains at the adia-
batic saturated temperature for a longer time in the dryer compared to the non-pre-treated
product. This implies that the first drying period is extended. As a result, the moisture
content decreases more rapidly in the US pre-treated carrot slices. To compare the drying
effectiveness, the final moisture content of 1 kg water/kg dried solid, 0.75 kg water/kg
dried solid, and 0.5 kg water/kg dried solid are chosen to determine the required belt
length. The results are presented in Table 4, revealing that US pre-treatment significantly
reduces the belt length needed, by approximately 12.9% to 14.7%. The influence of US
pre-treatment on the required belt length becomes even more pronounced at lower final
moisture content.

Table 3. The operating conditions of the conveyor-belt dryer used in simulations.

Drying Process Values

Belt width 2 m

Inlet air temperature 50 ◦C

Inlet air relative humidity 10%

Inlet air velocity 0.9 m/s

Dry air mass flow rate 3 kg/s

Inlet drying product temperature 20 ◦C

Inlet drying product moisture content 9 kg water/kg solid

Dried solid mass flow rate 0.005 kg solid/s
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Table 4. Impact of US pre-treatment on the required belt length of conveyor-belt dryer.

Final Moisture Content
Belt Length

US Pre-Treatment Non-Pre-Treatment

1 kg water/kg dried solid 77.5 m 89.2 m

0.75 kg water/kg dried solid 88.4 m 102.7 m

0.5 kg water/kg dried solid 105.9 m 124.3 m

5. Conclusions

In this work, a diffusion-drying model, which considers simultaneous heat and mass
transfer, was developed to investigate the hot-air-drying process of sliced carrots. Drying
scenarios included traditional hot-air drying and US pre-treated hot-air drying. conducted
at three bulk air temperatures: 30 ◦C, 40 ◦C, and 50 ◦C. The results show that the color
change in dried carrots obtained with US pre-treatment and hot-air drying was slightly
lower than in the traditional hot-air-drying process, with reductions of 6.8% and 2.8% at
drying temperatures of 30 ◦C and 40 ◦C, respectively. Furthermore, the effective moisture
diffusivity was determined by fitting experimental moisture-content evolutions over time.
This analysis indicated that US pre-treatment significantly enhanced the effective moisture
diffusivity by 43% and 90% at drying temperatures of 40 ◦C and 50 ◦C, respectively. These
results suggest that US pre-treatment can be reasonably applied to improve product quality
and reduce the drying time in the carrot dehydration process. In future research, it is
recommended to fabricate a pilot scale belt dryer to examine the drying kinetics of carrot
and other fruit slices. This will help to demonstrate the energy-saving potential of US
pre-treatment. Additionally, economical aspects such as investment cost, operating cost,
and the life-cycle cost of a belt dryer with US pre-treatment should be investigated to pave
the way for industrial application of this drying technique. Furthermore, the color, texture,
flavor, and nutritional content of dried products should be assessed.
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