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Abstract
The experiments of contact ultrasound intensified heat pump drying (CUHPD) of kiwifruit slices were conducted to investigate
the effect of ultrasonic power on dehydration process and water migration of kiwifruit during CUHPD. The results clarified that
contact ultrasound (CU) application could reduce the drying time of HPD significantly, and the rise of ultrasonic power had
stronger reinforcing effect on dehydration rate. Weibull distribution function could simulate the dehydration process of CUHPD
of kiwifruit with high precision, and the β values verified that ultrasonic power improvement could transform the moisture
diffusion mechanism of CUHPD from total internal moisture diffusion control to partial internal moisture diffusion control. The
Dcal values were 2.304 × 10−9~4.026 × 10−9 m2/s and increased as the rise of ultrasonic power. The scanning electron microscopy
results illustrated that increasing ultrasonic power could produce more porous and spacious microstructure which was beneficial
for water migration. The low-field nuclear magnetic resonance results elucidated that free water, immobilized water, and bound
water in kiwifruit migrated and changed during CUHPD. Free water with the highest mobility was the most abundant water in
kiwifruit, and was the first kind of water to be completely removed. With drying progressed, the contents of immobilized water
and bound water gradually increased and then decreased, but they were not completely removed. The increasing in ultrasonic
power was beneficial to promoting internal water migration and shortening the required dehydration time, especially for free
water. Proton density images visualized that increasing ultrasonic power could significantly promote the water diffusion from
internal kiwifruit outward the surface, and thereby accelerate the rate of water removal. Therefore, CU application is a suitable
method to accelerate the water diffusion and moisture migration of HPD process.
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Introduction

Kiwifruit (Actinidia chinensis Planch.) is a favorite and famil-
iar fruit in the world (Izli et al. 2017). Kiwifruit contains a
large amount of sugar, protein, amino acids, and a variety of
minerals and vitamins necessary for human body, and has
high nutritional and healthy functions (Nowacka et al.
2018). As a kind of berry fruit, kiwifruit is prone to decay or
deteriorate due to the action of microorganisms and enzymes

during storage (Akar and Barutçu Mazı 2019). Therefore,
making kiwifruit into dried products is a good way to prolong
its storage period and improve its market value. Hot air-drying
is a frequently usedmeans for kiwifruit drying (Darıcı and Şen
2015), but it has several disadvantages including lengthy time
and low efficiency. Freezing drying is a favorable method to
obtain dried kiwifruit with high quality; nevertheless, high
energy consumption and too long drying period limit the pop-
ularization of freezing drying (Çalişkan et al. 2015). Thus, a
suitable drying method with low energy consumption and
high dehydration rate should be applied for kiwifruit drying.

Heat pump drying (HPD) is a modern drying method that
converts low-grade thermal energy into high-grade heating
energy by heat pump system, and provides thermal energy
for dried materials, and has the advantages of high efficiency,
energy saving, and good product quality (Liu et al. 2014;
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Mohammadi et al. 2019). HPD has been successfully used for
dehydrating many agricultural products and foodstuffs includ-
ing carrot (Sun et al. 2017b), soybean seed (Zhao et al. 2017),
ginger (Chapchaimoh et al. 2016), and cocoa bean (Hii et al.
2012). These researches verified that HPD could realize low
energy consumption and high product quality. However, ki-
wifruit has compact microstructure and complex tissue and
contains many sugars and colloid substances with strong ab-
sorption capacity of water (Akar and Barutçu Mazı 2019), and
hence, the whole drying processes of kiwifruit are usually
reflected as internal diffusion-controlled property in most
cases. HPD has the characteristic of external heating, which
has no obvious effect on improving internal mass transfer
process. Therefore, it would be appropriate to employ an ef-
fective method in HPD to reduce internal mass transfer resis-
tance and promote moisture diffusion and migration inside
materials.

Contact ultrasound (CU) technology has been paid more
and more attention in strengthening drying process (García-
Pérez et al. 2009; Liu et al. 2019). CU technology is the ap-
plication of an ultrasound device that can transmit mechanical
waves with wavelength of higher than 20 kHz and achieve the
matching of ultrasonic transducer, radiation plate, and mate-
rials (Liu et al. 2017). During CU treatment, the generated
ultrasonic energy can transmit into dried samples directly from
an ultrasound radiator without relying on any media, and then
can improve ultrasonic utilization rate and promote
dehydration rate. Liu et al. (2015 and 2019) conducted hot
air–drying experiments of pear slices with air-mediated ultra-
sound (Liu et al. 2015) and CU (Liu et al. 2019) and the
compared results indicated that CU could achieve higher de-
hydration rate and shorter drying time at lower ultrasonic
power. Tao et al. (2019) revealed that CU application in hot
air-drying of cabbage could significantly shorten drying time
by intensifying internal water diffusion. Liu et al. (2017) con-
firmed that effective moisture diffusivity and product quality
could be improved when CU strengthening technology was
applied in hot air-drying of sweet potato. Musielak et al.
(2016) also announced that CU application in drying was
conducive to shortening dehydration period and reducing total
energy consumption. Hence, the CU application can theoret-
ically promote mass transfer of kiwifruit during HPD.
However, the study on contact ultrasound intensified heat
pump drying (CUHPD) of kiwifruit is scarce.

Nowadays, several studies have reported the ultrasound
application in drying of different kinds of food materials in-
cluding beetroot (Vallespir et al. 2018), mushroom (Vallespir
et al. 2019), apple (Fernandes et al. 2015), orange peel
(García-Pérez et al. 2012), and so on. These published studies
mainly focus on the drying rate and some quality parameters.
As water is a very important component in foodstuff which
can affect the processing characteristics, low-field nuclear
magnetic resonance (LF-NMR) technology and magnetic

resonance imaging (MRI) have been increasingly adopted to
determine the status of water within food materials (Lv et al.
2017; Sun et al. 2019). But there are only few studies eluci-
dating the water status information in the application of ultra-
sound prior to drying process (Jiang et al. 2018; Rodríguez
et al. 2015). Rodríguez et al. (2015) studied the effects of
ultrasound assistance during the predrying treatment of apple
using LF-NMR. Their results showed that ultrasound treat-
ment could result in greater mobility of internal water and
easier water removal during convective drying. It is of impor-
tance for revealing water removal and status change during
drying process. However, there is a lack of published infor-
mation about the effects of CU application on water status and
moisture transfer during the whole HPD process. Moreover,
since ultrasonic power is one of the most important parameters
in ultrasound strengthening application in drying process, the
influence of ultrasonic power on moisture migration during
CUHPD of kiwifruit is unclear and needs to be explored.

Therefore, the target of this research was to explore the
effect of CU on water removal process, microstructure, water
change, and moisture migration during HPD of kiwifruit.
Drying characteristics of CUHPD of kiwifruit at different ul-
trasonic powers were discussed andWeibull distribution func-
tion was applied for simulating the dehydration process of
CUHPD. Microstructure photographs of CU-treated surface
and internal microstructure of kiwifruit dried at different ultra-
sonic powers were analyzed by scanning electron microscopy
(SEM). Water status changes and moisture migration in
CUHPD were explored by LF-NMR technology and MRI
method.

Materials and Methods

Material

Fresh kiwifruits were bought at a local market in Luoyang,
China. The fresh kiwifruit’s moisture content was measured as
6.54 ± 0.26 g/g (d.b.) by vacuum-drying method (AOAC
1990).

CUHPD Equipment

The CUHPD equipment was achieved by installing a self-
fabricated contact ultrasound device in an HPD equipment
(GHRH-20, Guangdong Agricultural Machine Research cen-
ter, China), and the scheme of CUHPD equipment is illustrat-
ed in Fig. 1. The detailed structure and working mechanism of
the HPD equipment was reported in the previous research (Liu
et al. 2014).

The contact ultrasound device was mainly composed of an
ultrasonic transducer and ultrasonic generator, and the appear-
ance is presented in Fig. 2. The ultrasonic generator is an

Food Bioprocess Technol (2020) 13:430–441 431



important component of the ultrasonic system, and ultrasonic
oscillator is the core component of ultrasonic generator. The
function of ultrasonic oscillator is to generate a constant fre-
quency signal and drive the amplifier part. In this study, the
structure of He-type oscillator circuit was adopted for the ul-
trasonic generator to achieve stable ultrasound oscillation fre-
quency and wide bandwidth adjustment range. The trumpet-
shape piezoelectric transducer was adopted due to its low di-
electric loss and good impedance matching capability, and
could convert electrical signals into acoustic signals. The
stainless-steel ultrasonic vibration plate was bonded to the
upper surface of the ultrasonic transducer by special viscose.
If the vibration plate is thin or small, the energy transferred by
transducer will be easily converted into heat energy, which
could cause the overheating and cavitation corrosion of vibra-
tion plate. If the vibration plate is thick or large, the energy
transmitted by transducer will be absorbed by vibration plate,
and the energy generated will be greatly reduced. After several

tests, the vibration plate with 2 mm in thickness and 150 mm
in diameter could well match the ultrasonic transducer. After
ultrasonic generator is turned on, the ultrasonic power of ul-
trasound can be adjusted from 0 to 60 W by the “+” and “−”
buttons on the generator panel. The ultrasonic generator trans-
fers the high-frequency electric energy generated by the ultra-
sonic generator to the transducer. The ultrasonic transducer
converts the electric energy into sound energy. The sound
energy generated is transmitted to the vibration plate and
causes the vibration of plate in high frequency and small am-
plitude, and then transmits the ultrasonic energy to the interior
of material. The frequency of the ultrasonic system could be
adjusted in the range of 20–100 kHz. In order to determine the
resonance frequency of the ultrasonic system, a certain
amount of water was sprayed on the material vibration plate,
and the ultrasonic generator was turned on to observe the
vibration height and intensity of water on the vibration plate
at different ultrasonic frequencies. The strongest turbulence

Fig. 2 Photograph of the ultrasound system

Fig. 1 Schematic of CUHPD equipment
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and vibration intensification of water could be observed at 28
± 0.5 kHz. Then, some pre-experiments were conducted to
verify that the greatest reinforcement effect of ultrasound on
HPD process of kiwifruit could be achieved at ultrasonic fre-
quency of 28 kHz; therefore, such an ultrasonic frequency
value was fixed in the subsequent drying experiments.

Drying Methods

Kiwifruit samples were cut as slices with 6 cm in diameter and
0.4 cm in thickness with a food slicer. About 80 g kiwifruit
slices were put on the ultrasonic board uniformly in drying
experiments. The ultrasonic powers in this study were set as 0,
18, 36, and 54 W (the corresponding ultrasonic power densi-
ties were 0, 0.1, 0.2, and 0.3 W/cm2), respectively. The mass
values of kiwifruit samples during CUHPDwere measured by
a digital balance (BSA323S, Sartorius Co., Germany) at 30-
min intervals. In order to well investigate the influence of CU
on dehydration process and water migration, the air velocity
and air temperature in CUHPD were fixed as 1.5 m/s and
40 °C, respectively. Each experiment was carried out in
triplicates.

The sample’s moisture content M in CUHPD process can
be obtained according to Eq. (1) (Liu et al. 2015; Winiczenko
et al. 2018)::

M ¼ W−Wd

Wd
ð1Þ

where W is sample mass (g), Wd is dry matter’s mass (g).

Weibull Distribution Function

The moisture ratio (MR) could be obtained as follows (Rojas
and Augusto 2018; Kek et al. 2013):

MR ¼ Mt−M e

M 0−M e
ð2Þ

where Mt is moisture content at drying time t, M0 is initial
moisture content, and Me is equilibrium moisture content
and usually could be negligible (g/g, d.b.).

The proposed model for the simulation of the drying curve
in CUHPD of kiwifruit was the Weibull distribution function,
which has been frequently used for the prediction of drying
process (Corzo et al. 2010; Weibull 1951):

MR ¼ exp −
t
α

� �β
� �

ð3Þ

where α is the scale parameter (min), and β is the shape
parameter.

Two criteria were applied to assess the model’s accuracy:
the coefficient of determination (R2) and root mean square
error (RMSE) between the predicted and experimental values.

The R2 and RMSE were calculated as follows, respectively
(Corzo et al. 2010; Uribe et al. 2011):

R2 ¼ 1−
∑
N

i¼1
MRpre;i−MRexp;i
� �

∑
N

i¼1
MRexp;i−MRexp;i

� �2

2

ð4Þ

RMSE ¼ 1

N
∑N

i¼1 MRpre;i−MRexp;i
� �2� �1

2

ð5Þ

where N is the number of experimental data points, andMRexp
andMRpre are experimental and predicted values, respectively.

The calculated diffusion coefficient Dcal, which is originat-
ed from Weibull function and represents moisture diffusivity
during drying, could be obtained as follows:

Dcal ¼ L2

α
ð6Þ

where Dcal is the calculated diffusion coefficient (m2/s), L is
the thickness of kiwifruit slice (m), and α is the scale param-
eter of Weibull function (s).

SEM

The dried sample’s microstructure was analyzed by a scanning
electron microscopy (JSM6010LA, JEOL Co., Japan). One
kiwifruit specimen was cut from the ultrasound radiated sur-
face of kiwifruit samples and another specimen was cut from
internal section of kiwifruit slice, and the specimens were put
on a stainless stub and gold sputtered. The SEM observations
for ultrasound-treated surface and internal microstructure of
kiwifruit slices were conducted at × 300 magnifications and ×
200 magnifications, respectively.

LF-NMR

The measurements of transverse relaxation were investigated
using a NMI20-015V-I NMR analyzer (Niumag Electric Co.,
Shanghai, China), which was conducted at a resonance fre-
quency as 21.0 MHz at 32 °C. The sample’s transverse relax-
ation time (T2) was obtained by Carr-Purcell-Meiboom-Gill
pulse sequence with 8 scans, 18,000 echoes, and 0.5 ms be-
tween pulses of 90° and 180°. The T2 inversion spectrums
were performed using inversion software (Niumag Electric
Co., Shanghai, China) for each process, and the area under
each peak was determined by cumulative integration.

MRI Measurement

The proton density weighted images are also acquired on the
LF-NMR analyzer. The multiple spin-echo imaging sequence
parameters are as follows: slice gap 0.5 mm, slice width
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2.5 mm, average 4, phase size 192, read size 256, echo time
(TE) 20 ms, repetition time (TR) 500 ms.

Statistical Analysis

Data analysis and ANOVAwere carried out with Origin 2018
software.

Results and Discussion

Drying Curves

The CU enhancements were applied in HPD of kiwifruit at
40 °C with ultrasonic powers of 0, 18, 36 ,and 54 W, respec-
tively, and the corresponding moisture content change curves
are depicted in Fig. 3. The drying time of single HPD without
ultrasonic enhancement (0 W) was 450 min, while the needed
drying times could be reduced as 360, 300, and 240 min at
ultrasonic powers of 18, 36, and 54 W, with the decreasing
ratios of 20%, 33%, and 46%, respectively. The phenomena
above indicated that the CU application in HPD drying of ki-
wifruit slices could achieve obvious drying reinforcement ef-
fect, and higher ultrasonic power could produce stronger rein-
forcement effect and then shorter dehydration time. In the pro-
cess of CUHPD drying, kiwifruit slices were directly put on the
ultrasonic radiation board. The ultrasound wave can straightly
penetrate into the materials (Liu et al. 2019). Numerous micro-
bubbles could be produced by ultrasound treatment inside ki-
wifruit’s tissue liquid, and the generation and explosion of these
bubbles could produce strong impact and oscillation (Musielak
et al. 2016). Ultrasound energy could also cause high-frequency
vibration and turbulence inside kiwifruit samples, and then

reduce water adsorption capacity and improve moisture fluidity
(Schössler et al. 2012). The above ultrasonic effects could be
beneficial for water diffusion as well as dehydration process.
With the rise in ultrasonic power, stronger ultrasonic reinforcing
effects on water diffusion and mass transfer could be produced
to realize shorter drying time. Tao et al. (2019) also found that
the improvement of ultrasonic power can accelerate internal
moisture diffusion and then promote drying rate during hot
air-drying of cabbage.

Weibull Distribution Model

Weibull distribution function was applied to fit the moisture
content change curves of CUHPD of kiwifruit, and the results
are listed in Table 1. The range of determination coefficients
(R2) was 0.9916–0.9951, and the range of root mean square
error (RSME) was 0.0085–0.0162. All the R2 values were
close to 1, and all the values of RMSE were extremely small.
Hence, the result elucidated that Weibull distribution model
was appropriate for predicting moisture content change of
kiwifruit during CUHPD.

The scale parameter α represents the time needed for
accomplishing around 63% of the drying process (Marabi
et al. 2003). The α value decreased with the rise of ultrasonic
power. For example, the α value was 115.714 min at 0 Wand
it reduced to 62.208 min as ultrasonic power increased to
54 W, with the corresponding reduction ratio of 46%. The
result indicated that CU treatment had a remarkable influence
on the α values and drying period, and increasing ultrasonic
power could improve α value as well as dehydration rate.

The shape parameter β is related to the moisture migration
mechanism during drying process (Uribe et al. 2011).When β
< 1, the drying is dominated by internal water diffusion. When
β > 1, the drying is governed by both internal moisture diffu-
sion and external mass transfer (Corzo et al. 2010). The β
values increased from 0.972 to 1.112 as ultrasonic power in-
creased from 0 to 54 W. The phenomenon implied that single
HPD process belongs to internal moisture diffusion control
with great internal mass transfer resistance, and the increase
of ultrasonic power in CUHPD could transform the moisture
diffusion mechanism from total internal moisture diffusion
control to partial internal moisture diffusion control by signif-
icantly reducing internal water diffusion resistance.

Fig. 3 Moisture content change of kiwifruit during CUHPD at different
ultrasonic powers

Table 1 Fitting parameters and fitting precision indexes of Weibull
distribution function

Ultrasonic power (W) α (min) β R2 RMSE Dcal (m
2/s)

0 115.714 0.972 0.9916 0.0162 2.304 × 10−9

18 91.286 1.069 0.9922 0.0141 2.921 × 10−9

36 74.762 1.086 0.9951 0.0116 3.567 × 10−9

54 62.608 1.112 0.9943 0.0085 4.026 × 10−9
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Dcal Values

The Dcal values of CUHPD of kiwifruit are presented in
Table 1. The range of Dcal was 2.304 × 10−9~4.026 ×
10−9 m2/s. It is also expressed that Dcal values rose with the
ultrasonic power’s improvement. The ultrasound treatment
could increase the turbulence of water inside the material,
reduce the adhesion on the micro-tubes, improve the degree
of water freedom in the material, accelerate water movement,
and thereby increase diffusion rate and Dcal values. Ortuño
et al. (2010) also confirmed that CU application could increase
mass transfer coefficient as well as water diffusivity during
orange peel’s hot air–drying process.

SEM

The SEM images of the ultrasound-treated surface and inter-
nal microstructure of kiwifruit slices after CUHPD at different
ultrasonic powers are illustrated in Figs. 4 and 5, respectively.
It could be observed that both the surface structure and interior
structure of kiwifruit are compact with only several
microtunnels after HPD without CU application. This kind
of compact structure may be due to the continuous contraction
accompanied by ongoing water removal, and such a compact
structure could hinder outward diffusion of internal moisture
(Liu et al. 2019). After CU application, it could be observed

that both the microstructure of ultrasound-treated surface and
the interior microstructure of kiwifruit became loose and po-
rous, and higher ultrasonic power could bring about more
micropores and larger microtunnels. The phenomenon indi-
cated CU treatment can strengthen water turbulence and inter-
nal vibration, and then decrease cell tissue contraction and
protect mass transfer pathways (Musielak et al. 2016).
Higher ultrasonic power led to more porous and spacious mi-
crostructure not only at the treated surface but also inside
kiwifruit slices, which was beneficial for the outward migra-
tion and diffusion of internal water. The influence of ultrasonic
power on water status and water migration during HPD could
be further analyzed by LF-NMR.

T2 Relaxation Spectra

According to the principle of NMR, different chemical envi-
ronment of protons can lead to various relaxation times as well
as different freedom degree of water (Li et al. 2014). Shorter
relaxation time represents closer binding between water and
material, lower freedom degree of proton, and weaker mois-
ture mobility (Li et al. 2018;Wei et al. 2018). T2 can indirectly
reflect the phase characteristics of water and the change of T2
can express the fluidity of water molecules. The signal ampli-
tude covered by different T2 peaks can represent the relative
content of hydrogen protons in each interval. Therefore, the

Fig. 4 SEM images of dried
kiwifruit slices at different
ultrasonic powers: a 0W, b 18W,
c 36 W, d 54 W
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water status change and moisture migration law during drying
can be described and analyzed based on T2 relaxation spectra.

Figure 6 demonstrates the variation of relaxation spectra of
kiwifruit slices during HPD process. There are three peaks in
the inversion spectrum of kiwifruit, which can represent three
different water states in kiwifruit. The relaxation spectra can
be divided into three zones: T21 (0.01–10 ms), T22 (10–

100 ms), and T23 (> 100 ms), which represent bound water,
immobilized water, and free water, respectively. The distribu-
tion characteristics of transverse relaxation time in samples are
closely related to the properties of cell tissues. The longer the
transverse relaxation time was, the greater the degree of free-
dom of protons was and the stronger the mobility of water was
(Lv et al. 2018). The shortest relaxation time, T21, represents

Fig. 5 SEM images of internal
microstructure of dried kiwifruit
slices at different ultrasonic
powers: a 0 W, b 18W, c 36W, d
54 W

Fig. 6 T2 relaxation spectra of
kiwifruit slices during HPD
process
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bound water that binds closely to the macromolecular sub-
stances such as proteins and polysaccharides through hydro-
gen bonds. T22 represents immobilized water that exists in the
cytoplasm and intercellular space and is bound by certain
binding force. The maximum area of T23 corresponds to free
water located in surface and vacuole and between fibrous
tissues with high mobility.

According to the inversion spectrum, fresh kiwifruit had
the largest corresponding NMR signal amplitude, indicating
that fresh kiwifruit had the highest moisture content. The am-
plitude of T23 was significantly higher than that of T22 and T21,
which meant that the moisture content of fresh kiwifruit was
mostly free water, and the contents of immobilized water and
bound water were much less. As the drying process went on,
the total peak area of inversion spectrum decreased, and the
whole inversion spectrum shifted to the left side to a certain
extent. It was demonstrated that the moisture content in kiwi-
fruit decreased, and the moisture content changed from high
degree of freedom to low degree of freedom, and the degree of
water-solid bonding in the sample increased (Li et al. 2014). In
the early stage of drying, because of the good fluidity of free
water, free water was most easily removed from kiwifruit
during drying, which led to the continuous left movement of
T23 and the rapid decrease of peak amplitude. With the drying
process, the free water decreased continuously until it was
completely removed. There was still some immobilized water
and bound water in kiwifruit slices, and the peak amplitude
and transverse relaxation time of T21 and T22 began to de-
crease gradually, and the removal of immobilized water was
greater than bound water. Throughout the drying process, the
relaxation time of T21 changed much less than that of T22 and
T23, which represented that the binding forces between bound
water and macromolecule matter were very stable, and the
influence of drying process on bound water was much weaker
than that on free water and immobilized water (Wei et al.
2018). At the end of drying, the bound water was the main
component accompanied by a small amount of immobilized
water inside kiwifruit, while free water could not be observed
completely.

Changes of Water Status and Water Proportion

Based on the total signal intensity change of water in different
states in T2 inversion spectrum, the relative contents of differ-
ent water states in dehydration process can be obtained, and
the proportion change of each component water can be calcu-
lated. In the CUHPD process of kiwifruit, the peak areas of
free water, immobilized water, and bound water under differ-
ent ultrasonic powers are shown in Fig. 7, and the correspond-
ing peak area proportions are presented in Fig. 8.

It is illustrated from Fig. 7 that the free water of kiwifruit
shows a downward trend in CUHPD process at all ultrasonic
power levels. When ultrasonic powers were 0, 18, 36, and

54 W, the total removal times for free water were 270, 180,
150, and 120 min, respectively, indicating that the higher the
ultrasonic power was, the quicker the migration speed of free
water was and the shorter the removal time was. It is shown
from Fig. 8 that higher ultrasonic power could lead to faster
reduction of peak ratio as well as higher outward migration
rate for free water during CUHPD process. The mechanical
effect produced by ultrasonic wave could cause the rapid ex-
pansion and contraction of moisture inside samples, and the
ultrasound’s cavitation effect could expand the internal tissue
gap andmicro-capillaries of materials (Magalhães et al. 2017),
thus reducing the resistance of water diffusion and promoting
water migration and then speeding up the removal of free
water.

With the removal of free water in kiwifruit, immobilized
water began to migrate subsequently. It can be seen from
Fig. 7 that the immobilized water contents inside kiwifruit
increased firstly and then decreased during dehydration pro-
cess at the four ultrasonic power levels. In the early stage of
dehydration, the peak area of immobilized water improved
with the extension of drying time. This might be due to the
elevation of carbohydrate concentration in kiwifruit caused
by the removal of free water in the early period of drying
(Cheng et al. 2014), resulting in the difference of cell liquid
concentration and the transition of free water to immobilized
water under the concentration gradient. When the ultrasonic
power was 0, 18, 36, and 54 W, the maximum peak areas of
immobilized water appeared at 120, 120, 90, and 60 min,
respectively, which elucidated that the increasing in ultra-
sonic power can not only promote the migration of free wa-
ter, but also accelerate the transformation from free water to
immobilized water. The peak area of immobilized water
demonstrated a downward trend in the late drying period,
indicating that immobilized water in kiwifruit began to de-
crease while the free water decreased. This is due to the fact
that the free water contained in kiwifruit is not enough,
which leads to the gradual slowdown or even stop of the
transition to immobilized water. On the other hand, it may
also be due to that the continuous effect of ultrasound on the
internal organization of the material could reduce the bind-
ing force of immobilized water and improve its mobility,
causing the continuous outward migration and removal of
immobilized water (Zhao et al. 2019). Unlike the complete
removal of free water, there was still a small amount of
immobilized water (about 7.1–8.4% of the original
immobilized water) left inside kiwifruit at the end of drying,
which may remain in the cell gap or micro-capillary of ki-
wifruit with strong binding force and high migration resis-
tance. The peak area proportion of immobilized water im-
proved first and then reduced, and such a phenomenon could
be attributed to the removal of free water and the transfor-
mation to immobilized water at the first stage of drying and
then the migration of immobilized water thereafter.
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The peak area and the corresponding proportion of bound
water in CUHPD of kiwifruit are demonstrated in Fig. 7 and
Fig. 8. Although the content of bound water was very less in
fresh kiwifruit, the peak area of bound water increased slowly
and then decreased slowly, and the peak proportion increased
steadily as drying process went on. In the early period of
CUHPD, the amount of bound water (A21) increased with the
progress of drying. The decrease of free water content would
result in the decrease of cell activity and the increase of tissue
fluid concentration in kiwifruit, and promote the formation of
bound water by hydrogen bonding with macromolecules (Sun
et al. 2017a). In addition, with the removal of free water and the
reduction of internal fluidity in kiwifruit, some immobilized
water migrated to the cell wall, resulting in the conversion of
hydrophilic groups within the cell wall pectin molecule to pro-
tons in immobilized water, thus resulting in physical binding
water with weak hydrogen bond energy (Xu et al. 2017). At the
later period of CUHPD, with the total removal of free water and
the continuous decrease of immobilized water, the peak area of
bound water began to decline slowly, indicating the reduction
of bound water in kiwifruit. This process corresponds to the
latter part of drying curves in Fig. 3 with the characteristics of

slow water removal and low drying rate. When the free water
was removed totally, the immobilized water and bound water
began to be removed, and some bound water with weak bond
energy and those bound water produced from the immobilized
water bound to pectin macromolecule were gradually removed
during drying. At the same time, the thermal decomposition of
enzymes and nutrients in the materials can transform part of
bound water to immobilized water (Lv et al. 2018). After dry-
ing, the bound water left in kiwifruit was 51–59% of that in
fresh kiwifruit, and the variation regulations of bound water are
similar at the four ultrasonic power levels, which indicates that
the improvement of ultrasound power is not enough to remove
most bound water in kiwifruit. It is also seen in Fig. 8 that most
of the water left in kiwifruit is bound water, mainly because of
its high bond energy, strong binding force, and low degree of
freedom (Wei et al. 2018).

Proton Density Image

The proton density image changes of kiwifruit in CUHPD at
different ultrasonic powers are demonstrated in Fig. 9, which
could visualize the moisture distribution change in kiwifruit

Fig. 7 Changes of peak area of kiwifruit during CUHPD at different ultrasonic powers: a 0 W, b 18 W, c 36 W, d 54 W
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during CUHPD process. In the images, higher proton density
of gray image and stronger signal represented higher water
content in kiwifruit slices, and lower proton density meant less

water content (Xu et al. 2017). It can be observed from Fig. 9
that fresh kiwifruits have high moisture content. With the dry-
ing process, the moisture in kiwifruit slices was continuously

Fig. 8 Changes of peak area proportions of kiwifruit during CUHPD at different ultrasonic powers: a 0 W, b 18 W, c 36 W, d 54 W

Fig. 9 Proton density image changes of kiwifruit in CUHPD at different ultrasonic powers
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removed, and proton density gradually weakened and disap-
peared from the outside to the inside, indicating that water
gradually gathered to the inner layer, and water gradually lost
from the outside to the inside. In the latter drying period, the
proton density image change inside the materials was relative-
ly slow, representing that internal moisture was more difficult
to remove than that in kiwifruit’s surface due to high diffusion
resistance. At the end of drying, the image was very close to
the background color, indicating that the moisture content in
kiwifruit was low. Comparing the changes of proton density
maps under four different ultrasonic powers conditions, it is
found that proton density decreased slowly at 0 W. With the
rising in ultrasonic power, the relative proton intensity de-
creased faster, especially when ultrasonic power was 54 W.
The phenomenon indicates that CU application in HPD could
remarkably affect the water migration and loss in kiwifruit
slices, and higher ultrasonic power could produce stronger
intensifying effects and subsequently accelerate moisture mi-
gration rate.

Conclusions

The CUHPD experiments of kiwifruit slices were conducted.
CU application in HPD of kiwifruit was beneficial to acceler-
ating dehydration rate and shortening drying time. The rise in
ultrasonic power could promote internal moisture migration
and improve drying rate. Weibull distribution function could
simulate CUHPD of kiwifruit with high precision. The obtain-
ed α and β values revealed that the improvement of ultrasonic
power can improve water removal and transform the moisture
diffusion mechanism from total internal moisture diffusion
control to partial internal moisture diffusion control. The
Dcal values increased with the improvement of ultrasonic pow-
er, indicating that higher CU power could accelerate water
diffusion in kiwifruit. Higher ultrasonic power could produce
more micropores and larger microtunnels in the surface mi-
crostructure and internal microstructure of kiwifruit.

LF-NMR analysis indicated that free water, immobilized
water, and bound water exists in kiwifruit, and the three kinds
of water states could migrate and change during CUHPD. Free
water with the highest mobility was the most abundant water
in kiwifruit, and has the highest removal rate and disappeared
first. The contents of immobilized water and bound water
gradually increased and then decreased during CUHPD pro-
cess; however, they could not be completely removed at the
end of drying. The rising in ultrasonic power can promote
internal water migration and then be conducive to shortening
the required dehydration time. Proton density images revealed
that CU application at higher ultrasonic power could signifi-
cantly promote the water diffusion from internal kiwifruit out-
ward the surface during CUHPD, and thereby accelerate water
removal as well as dehydration rate.
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