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a b s t r a c t 

Kiwifruit slices subjected to combined radio frequency (RF) and vacuum drying undergo a complicated 

process, including electromagnetic heating, heat and mass transfer along with a phase change of evap- 

oration and shrinkage under a low pressure. The aim of this paper was to obtain an in-depth under- 

standing of this complicated drying process. A 3D multiphase porous model was established to describe 

heat and mass transfer within the kiwifruit slices in a 3 kW, 27.12 MHz RF-vacuum drying system us- 

ing COMSOL Multiphysics software. The validation results showed that the established model could be 

applied to describe the RF-vacuum drying process of kiwifruit slices since the maximum relative errors 

of temperature, moisture content, and drying rate between simulation and experiment were less than 

10%. The temperature distribution of kiwifruit slices both from simulation and experiment indicated that 

the sample temperature at corners and edges were higher than that at the center of the container, and 

the sample temperature at the center was the lowest for a single kiwifruit slice. But the distribution of 

moisture content was opposite to that of temperature. Evaporation rate constant was found to be sensi- 

tive to moisture content of treated samples compared with temperature. The influences of sample thick- 

ness, electrode gap, and vacuum pressure of the RF-vacuum drying system on temperature and moisture 

content-time histories were determined during the RF-vacuum drying process. The findings of this re- 

search may help to gain a comprehensive understanding of RF-vacuum drying and optimize treatment 

parameters for drying processes. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Kiwifruit ( Actinidia deliciosa ) is a commercial fruit of China,

hile, Greece, and New Zealand for high amount of antioxidant ac-

ivity, flavonoids, phenols, and vitamin C [1] . It is considered as an

bvious seasonal and regional fruit harvested from September to

ctober in China. Due to its high-water content (above 80% wet

asis), kiwifruit has a very short shelf/storage life even though it

s kept in a cold storage. Therefore, it is necessary to use vari-

us methods to improve its shelf/storage life. Drying is a widely

sed method in food industry to extend the shelf/storage life of

resh products, such as fruits and vegetables, by removing a cer-

ain amount of water, and thus minimizing the spoilage caused by

icrobial growth. Furthermore, drying can save cost of transporta-
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ion and storage for lighter weight and less space, and avoiding the

eed of expensive refrigeration systems with the operational cost. 

Various drying methods were used to reduce water content

rom kiwifruit, such as hot air [2] , freeze [3] , osmotic [4] , solar en-

rgy [5] , and vacuum dehydration [2] . However, the main disad-

antages of hot-air drying methods are high energy consumption,

ow efficiency, lengthy drying time, and low product quality [ 2 , 6 ].

reeze drying and vacuum dehydration are considered as high run-

ing cost methods owing to the high energy consumption to main-

ain low temperature or pressure during the whole drying process

6] . It is reported that osmotic drying is not enough to reduce

oisture contents of food to an acceptable level for low solute

oncentrations even when undergoing a long dehydration process

4] . Although solar energy drying is an environment friendly dry-

ng method, it takes long drying processes for high moisture con-

ent samples and is also limited by the local weather conditions. In

ecent years, radio frequency (RF) energy has been investigated as

 new drying method for fruits and vegetables due to its fast and

olumetric heating [ 7 , 8 ]. To minimize the quality loss of treated

amples caused by non-uniform heating, RF energy has been used

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119704
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Nomenclature 

C w 

concentration (mol/m 

3 ) 

C i specific heat (J/(kg ·K)) 

D i diffusion coefficient (m 

2 /s) 

DR drying rate (mol/(m 

3 min)) 

E electric field intensity (V/m) 

f frequency (Hz) 

h m 

mass transfer coefficient (m/s) 

h t heat transfer coefficient (W/(m 

2 K)) 

I rate of evaporation (kg/(m 

3 s)) 

k thermal conductivity (W/(m K)) 

K vap evaporation rate constant (1/s) 

m i weight (g) 

M moisture content (dry basis) 

M w 

molecular weight (kg/mol) 

n i,sur boundary flux (mol/(m 

2 s)) 

P ∗ equilibrium vapor pressure (Pa) 

P G vacuum pressure (Pa) 

q n outward normal heat flux (W/m 

2 ) 

Q RF power conversed to thermal energy (W/m 

3 ) 

R w 

reaction term (mol/(m 

3 s)) 

S i saturation of fluid phase (dimensionless) 

T i temperature ( °C) 

t time (s) 

u convective velocity (m/s) 

v i velocity (m/s) 

V voltage (V) 

V i volume (m 

3 ) 

�t time interval (min) 

Greek symbols 

σ electrical conductivity (S/m) 

ρ i density (kg/m 

3 ) 

λ latent heat of vaporization (J/kg) 

ω a , ω v mass fraction of air and vapor 

φ porosity (dimensionless) 

ɛ 0 free space permittivity (8.86 × 10 −12 F/m) 

ɛ ′ dielectric constant (dimensionless) 

ε 
′′ 

dielectric loss factor (dimensionless) 

ɛ hs hygroscopic swelling strain (dimensionless) 

βh coefficient of hygroscopic swelling (m 

3 /kg) 

∇ gradient operator 

Subscripts 

a air 

g gas 

s solid 

t total 

v vapor 

w water 

eff effective 

in combination with traditional drying methods, such as hot air-

assisted RF drying [9-11] and RF-vacuum drying [12-14] . Compared

with hot air-assisted RF drying, the sensory and nutritive qualities

of RF-vacuum treated sample are effectively maintained due to the

relatively short drying time and low drying temperature [12] . 

RF-vacuum drying of kiwifruits is a complicated process, which

involves electromagnetic heating, heat and mass transfer, phase

change of evaporation, and shrinkage in a multiphase porous sam-

ple under the low pressure. Comparing with experimental method,

computer simulation is a cheap, flexible, and visual method to re-

alize this complicated drying process. Up to now, numerous re-

searches on computer simulation have been conducted on improv-
ng RF heating uniformity [15-21] , and predicting evaporation rate

22] and mass transfer [23] of the vacuum drying. Verified com-

uter models have been established to determine effects of elec-

rode gaps [24] , forced air [ 24 , 25 ], sample moving [24] , package ge-

metries [25] , and surrounding materials [ 16 , 18 , 21 ] on improving

he RF heating uniformity. However, these models are established

ithout considering water loss of samples. The dynamic charac-

eristics of the vacuum drying, such as distributions of pressure,

emperature, evaporation rate, and liquid holdup, have been ana-

yzed by a validated model of vacuum drying [22] . Furthermore, a

hin layer model has been used to analyze mass transfer properties

sing Fick’s equation of diffusion and thermodynamic parameters

f apple slices heated at 50, 60, and 70 °C under 0.02 bar [23] .

o the author’s knowledge, there is few literature on RF-vacuum

rying models to explain this complicated drying process. There-

ore, it is necessary to establish a 3-D model for better analyzing

he factors influencing drying rate, temperature distribution, and

hrinkage during the whole RF-vacuum drying process. 

The main objectives of this paper were: (1) to establish a 3-

 mathematical model for RF-vacuum drying based on twenty-

our kiwifruit slices using a finite element software COMSOL, (2)

o verify the model by comparing with the experimental temper-

ture, moisture content, and drying rate of kiwifruit slices during

F-vacuum drying from a previous study, (3) to conduct a sensi-

ivity analysis of input parameters affected the moisture content

nd temperature of treated samples, and (4) to apply the validated

odel for evaluating influences of the main factors on drying char-

cteristics of kiwifruit slices during RF-vacuum drying. 

. Material and methods 

.1. Model development 

In this section, a porous medium with multiphase and mul-

icomponent coupled with shrinkage of inelastic sold matrix was

resented to describe drying performances of kiwifruit slices dur-

ng RF-vacuum treatments. The following assumptions were made

o simplify the RF-vacuum drying process: (1) the RF system was

ssumed to operate at a constant top electrode voltage, (2) the

emperature of air in the RF cavity was assumed to be constant

uring the RF heating process, (3) the three fluid phases (solid,

iquid water and gas) were in continuum, (4) gas pressure was

hared by all fluid phases, (5) thermal equilibrium existed between

ll phases, (6) kiwifruit slices were assumed to be a homogenous

nd isotropic material, and (7) thermal expansion of kiwifruit slices

uring drying was ignored. Governing equations, mass and energy

onservation, initial and boundary conditions were described be-

ow. 

.1.1. Governing equations 

The electric field intensity in the RF cavity was calculated by

axwell’s equations. Since the wavelength (11 m) in the 27.12 MHz

F system was far longer than the size of RF cavity (diameter:

.8 m, length: 0.8 m) used in this study, the Maxwell’s equation

ould be simplified to the Laplace equation by neglecting the ef-

ect of magnetic fields. The Laplace equation was described below

sing a quasi-static assumption [26] : 

∇ · ((σ + j2 π f ε 0 ε 
′ ) ∇V ) = 0 (1)

here σ means electrical conductivity of the kiwifruit or air (S/m)

nd f delegates the frequency (Hz) of the RF system, ɛ 0 is the per-

ittivity of free space (8.86 × 10 −12 F/m) while ɛ ′ represents di-

lectric constant of kiwifruit slices or air, j = 

√ −1 , and V refers to

he voltage ( V ) between the two electrodes involved in the electric

eld intensity. Then, the electric field intensity ( E ) could be written
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s the following equation: 

 = −∇V (2) 

When the kiwifruit slices were placed between the two RF elec-

rodes, which are under electromagnetic fields, the RF power ( Q ,

/m 

3 ) absorbed in the dielectric material could be expressed as

27] : 

 = 2 π f ε 0 ε 
′′ ∣∣�

 E 
∣∣2 

(3)

here ɛ ′′ means the loss factor of kiwifruit. The heat conduction

quation was taken place within the kiwifruit, heat convection

t the sample’s surface and heat generation in the kiwifruits due

o RF energy. The heat transfer inside the heated kiwifruit is de-

cribed by Fourier’s equation [28] : 

C p 
∂T 

∂t 
= ∇ · (k ∇T ) + Q (4)

here C p and ρ are the specific heat (J/(kg ·K)) and density (kg/m 

3 )

f kiwifruit, respectively. ∂ T / ∂ t is the heating rate in samples ( °C/s),

 is the thermal conductivity (W/(m ·K)), and T is the temperature

 °C) of kiwifruit slices in the electromagnetic fields. The heat en-

rgy in the kiwifruits transferred from electromagnetic fields and

ransport in porous media was analyzed based on the electric cur-

ents and heat transfer in porous media module using finite ele-

ent software COMSOL 5.2a Multiphysics (COMSOL Inc., Shanghai,

hina). 

.1.2. Mass conservation 

The kiwifruit slices might be considered as mixture of the solid

hase of kiwifruit, the liquid phase of water, and the gas phase of

ater vapor and air. The transports of components (liquid water,

ater vapor, and air) in kiwifruits during the RF-vacuum drying

ere simulated by a multiphase porous media model. For a volume

lement, porosity ( φ, dimensionless) was expressed as a ratio of

ores volume occupied by liquid water, water vapor, and air to the

otal volume of gas, liquid water and solid phase, and given by the

ollowing equation [29] : 

= 

�V g + �V w 

�V t 
(5) 

here �V w 

and �V g are the volumes occupied by liquid water

m 

3 ) and gas (including water vapor and air) (m 

3 ), respectively.

V t is the total volume of kiwifruits containing solid phase, liq-

id water, water vapor, and air (m 

3 ). 

For the pores in an elemental volume, water saturation ( S w 

, di-

ensionless) and gas saturation ( S g , dimensionless) are defined as

 ratio of the volume of liquid water or gas to the total volume of

ores [30] : 

 w 

= 

�V w 

�V g + �V w 

(6) 

 g = 

�V g 

�V g + �V w 

= 1 −S w 

(7) 

The concentration of liquid water ( C w 

, mol/m 

3 ) is calculated

y the mass conservation equation, including the convection term,

iffusion term, and reaction term (phase change) [31] : 

∂ C w 

∂t 
+ ∇ · (−D w 

· ∇ C w 

) + u · ∇ C w 

= −R w 

(8)

here D w 

is the diffusion coefficient of species (m 

2 /s). u means

he convective velocity of water (m/s). R w 

delegates the reaction

ate (mol/(m 

3 ·s)) describing the production or consumption of wa-

er that was calculated and discussed in the following section. This

as simulated in COMSOL using the transport module of diluted

pecies. 
.1.3. Liquid phase evaporation 

The evaporation rate ( I, kg/(m 

3 ·s)) is related to the equilibrium

apor pressure ( p ∗, Pa) of gas in the sample, the vacuum pressure

 p G , Pa), and the density of liquid water. The evaporation rate was

qual to zero when the concentration of liquid water was less than

ero or the equilibrium vapor pressure was smaller than the va-

or phase pressure. If the concentration of liquid water was greater

han zero, the evaporation rate can be expressed as [32] : 

 = K v ap ρL (p ∗ −p G ) / p G (9) 

here K vap is the evaporation rate constant (1/s) and ρL is the den-

ity of liquid phase (kg/m 

3 ). Due to the assumption of zero resis-

ance to vapor phase mass transfer in the present model, the va-

or phase pressure would be constant and equal to the vacuum

ressure in all points of the sample before the drying process. The

quilibrium vapor pressure of gas in the sample can be evaluated

rom the Antoine equation [33] : 

p∗ = 10 

A −B/ (C+T) (10) 

The parameters of A, B, and C were constant during vacuum

rying [34] . Drying rate (DR.) was expressed as: 

R = 

M i − M i −1 

�t 
(11) 

here M i or M i-1 is the moisture content of treated samples at any

ime i or i-1 , and �t is drying time interval between time i and i-1

min). 

.1.4. Energy conservation 

The three phases in kiwifruits, including solid phase of ki-

ifruits, liquid phase of water, and gas phase of water vapor and

ir, were supposed to be in heat balance and shared the same

nergy balance equation. Energy conservation includes heat con-

uction, convection of fluid phases, evaporative cooling and the RF

eat source term is described below [35] : 

e f f C e f f 

∂T 

∂t 
+ 

∑ 

i = w, v ,a 

( ρi C p,i u i ∇T ) = ∇( k e f f ∇T ) − λI + Q (12)

The evaporation rate, I , and RF heat absorption, Q , of treated

amples are related to location and time. λ is the latent heat of

aporization (J/kg). The properties of the mixture, ρeff, C eff, and k eff,

ere calculated by the properties of pure components and their

ass or volume ratios [30] : 

eff = (1 − ϕ) ρs + ϕ( S w 

ρw 

+ S g ρg ) (13)

 e f f = m s C p,s + m w 

C p,w 

+ m g ( ω a C p,a + ω v C p, v ) (14)

 e f f = (1 − ϕ) k s + ϕ( S w 

k w 

+ S g ( ω v k v + ω a k a ) (15)

here ω a and ω v represent mass fraction of air and vapor, respec-

ively. m s , m w 

, and m g are weight (kg) of solid, water, and gas in

iwifruit, respectively. This was implemented in COMSOL using the

eat transfer in porous media module. 

.1.5. Determination of the amount of shrinkage in the dried samples 

During the RF-vacuum drying process, the RF heating causes

oisture transport from the inside of kiwifruit slices to the sur-

ace, where evaporation takes place. The evaporation and loss of

oisture may cause the kiwifruit shrinkage, and change the drying

tresses and strains during the RF-vacuum drying process. There-

ore, the shrinkage analysis can be conducted after the solution

f heat/mass transfer model. Through further analysis of heat and

ass transfer simulation results, the drying shrinkage-deformation

f kiwifruits versus time was obtained. According to the inelas-

ic strain theory, the hygroscopic swelling strain ( ɛ ) of kiwifruits
hs 
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Fig. 1. Three-dimensional scheme of the RF-vacuum drying system with kiwifruit 

samples. 
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c  

o  
during the RF-vacuum drying could be calculated using the follow-

ing equation [36] and was implemented in COMSOL using the solid

mechanics module: 

ε hs = βh M w 

( C w 

− C w,re f ) (16)

where βh is coefficient of hygroscopic swelling (m 

3 /kg) and C w,ref 

is initial concentration of liquid water during drying process. M w 

is the molecular weight of water (kg/mol). 

2.1.6. Initial and boundary conditions in the established model 

The electrical, geometrical, and thermal boundary conditions

of the RF-vacuum system applied in the simulation model are

provided in Fig. 1 . The voltage of the top electrode was set as

10,0 0 0 V, which was evaluated by matching the calculated results

with experimental values of heating temperature and evaporation

rate of the treated sample [26] . The bottom electrode and the

metallic enclosure were set as ground. The boundary conditions of

the electromagnetic field were considered as perfect conductors at

the RF cavity walls and defined as electrical insulation ( ∇E = 0 ).

The initial moisture content of sample and initial pressure in the

RF cavity were uniform and listed in Table 1 . 

Data of dielectric and thermal properties of kiwifruit are nec-

essary in modeling the RF-vacuum drying process. The dielectric

constant and loss factor of kiwifruit changed with temperature (T,

°C) and moisture content (M, d.b.) of the samples and can be ex-

pressed as following equations [14] : 

ε ′ s = 38 . 08 + 0 . 83 × T − 171 . 83 × M − 0 . 98 × T × M − 1 . 71 × 10 

−

× T 

2 + 668 . 96 × M 

2 

− 0 . 65 × 10 

−3 × M × T 

2 + 0 . 49 × M 

2 × T + 3 . 37 × 10 

−5 

× T 

3 − 448 . 91 × M 

3 (17

ε 
′′ 
s = −231 . 28 + 0 . 05 × T − 1405 . 36 × M + 1 . 08 × M × T 

+ 0 . 06 × T 

2 − 804 . 01 × M 

2 

− 6 . 13 × 10 

−6 × T 

2 + 1 . 77 × 10 

−3 × T − 804 . 01 × M 

2 (18)

Since thermal properties of samples decided mostly by com-

position, heat capacity and thermal conductivity can be computed
ased on the composition of kiwifruit [37] . According to the litera-

ures [38] , moisture content, carbohydrate, protein, ash, and fat of

iwifruit were 84.0%, 10.5%, 1.0%, 0.7%, and 0.5%, respectively. The

hermal conductivity ( k ) and specific heat ( C p ) of kiwifruits can be

omputed as follows [37] . 

 p = 0 . 84 × C pwater + 0 . 105 × C pCHO + 0 . 01 

× C pprotein + 0 . 007 × C pash + 0 . 005 × C p fat 

= 3700 . 6 + 0 . 1502 × T + 3 . 9101 × 10 

−3 × T 

2 (19)

 = 0 . 84 × k water + 0 . 105 × k CHO + 0 . 01 × k protein 

+ 0 . 007 × k ash + 0 . 005 × k fat 

= 0 . 5935 + 1 . 7693 × 10 

−3 × T − 6 . 1282 × 10 

−6 × T 

2 (20)

Water vapor flux ( n v,sur , mol/(m 

2 s)) generated within the sam-

le domain could move out from the sample by convection and

iffusion, and was given as a boundary condition ( Eq. (21) ) on the

urface of the sample. Liquid water flux ( n w,sur , mol/(m 

2 s)) could

ove out from the boundary ( Eq. (22) ) as vapor after evaporation

46] . 

 v ,sur = C v v n, v + h m 

ϕ S g ( ρv − ρv ,amb ) / M w 

(21)

 w,sur = h m 

ϕ S w 

( ρv − ρv ,amb ) / M w 

(22)

here v n , v is the vapor velocity (m/s) on the sample boundaries.

 m 

is the mass transfer coefficient (m/s). ρv is the vapor density on

he sample surface (kg/m 

3 ). ρv, amb is the vapor density in ambient

ir (kg/m 

3 ). 

Along with the mass flux of the vapor, the sample boundaries

lso lose heat ( Eq. (23) ) because of the lost vapor, and cooling by

onvection at room temperature in the air domain [46] . 

 n = n v ,sur C p, v T M w 

+ n w,sur (λ + C p, v T ) + h t (T − T a ) (23)

here q n is the outward normal heat flux (W/m 

2 ), h t is the con-

ective heat transfer coefficient (W/(m 

2 K)), and T a is the ambient

ir temperature (K). 

The diffusion coefficient of water in kiwifruit was calculated by

he following equation [41] : 

 w 

= 1 × 10 

−8 · exp (−2 . 8 + 2 · M w 

) (24)

.1.7. Process of computer simulations 

A finite element analysis software, COMSOL, was used to simu-

ate the heat and mass transfer during the RF-vacuum drying. The

lectric currents and heat transfer in porous media module were

rstly solved to obtain the heat energy in the kiwifruits transferred

rom electromagnetic fields and then the temperature distribution

f kiwifruit. Then, the moisture gradient was obtained from mass

ransfer using the transport module of diluted species. After that,

he hygroscopic swelling strain distribution of kiwifruit slices was

btained using the solid mechanics module. All the main param-

ters needed in this paper were obtained by testing or reviewing

elevant literatures. According to the accepted accuracy with the

elatively low resource consumption, extra finer mesh was used

nd consisted of 531,012 domain elements (tetrahedral) used in

ubsequent simulation runs. Times of 1 and 5 min were used as

he initial and maximum steps, respectively. The software was run

n a 1.7 GHz Windows Lenovo workstation with an Intel Xeon CPU

5-2609, 1.70 GHz, 6 4 GB RAM on a windows 10 6 4 bit operating

ystem for a total running time of 1020 min. 

.2. Model validation 

To validate the established model, the simulated results were

ompared with the experimental values obtained from the previ-

us study [13] . The thickness of kiwifruit slices was 8.0 ± 0.2 mm
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Table 1 

Physical parameters of kiwifruit used in the simulations. 

Parameters Symbols Values Units References 

Electromagnetics 

Radio frequency f 27.12 MHz 

Dielectric constant 

water ε ′ w −0.2833 × (T-273) + 80.67 [39] 

solid ε ′ s Eq. (17) – [14] 

gas ε ′ g 1 –

Dielectric loss 

water ε 
′′ 
w 0.05 × T + 20 – [39] 

solid ε 
′′ 
s Eq. (18) – [14] 

gas ε 
′′ 
g 0 –

Transport 

Density 

water ρw 998 kg/m 

3 

vapor ρv Ideal gas kg/m 

3 

air ρa Ideal gas kg/m 

3 

solid ρs 867.76 kg/m 

3 This study 

Specific heat capacity 

water C p, w 4176.2 J/kg K [30] 

vapor C p, v 2062 J/kg K [30] 

air C p, a 1006 J/kg K [40] 

solid C p, s Eq. (19) J/kg K This study 

Thermal conductivity 

water k w 0.57 W/m K [40] 

vapor k v 0.026 W/m K [40] 

air k a 0.026 W/m K [40] 

solid k s Eq. (20) W/m K This study 

Capillary diffusivity (water) D w Eq. (24) m 

2 /s [41] 

Constant in Antoine equation 

A 7.8087 [42] 

B 1007.839 [K] [42] 

C −166.3583 [K] [42] 

Heat transfer coefficient h t 10 W/m 

2 K [43] 

Mass transfer coefficient h m 1 × 10 −7 m/s [44] 

Latent heat of evaporation λ 9780 cal/mol [34] 

Evaporation rate constant K vap 1 × 10 −6 1/s [32] 

Porosity ϕ 0.8 This study 

Moisture expansion coefficient βh 0.672 [45] 

Initial Conditions 

Water concentration c w , 0 4094 mol/m 

3 This study 

Temperature T 0 2 5 °C This study 

Moisture content (d.b.) M w 5.66 – This study 
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i  
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ith diameter 45.5 ± 5.4 mm. The initial moisture content and

ensity of samples were listed in Table 1 . The container (400 mm

 × 270 mm W × 20 mm H) with twenty-four kiwifruit slices in

our rows and six columns was placed at the center of the bot-

om electrode. The electrode gap of 60 mm and vacuum pres-

ure of 0.02 MPa were selected to obtain suitable RF evaporation

ate and stable temperature based on the experimental setup in

he RF-vacuum drying [13] . Fiber-optic temperature sensors (HQ-

TS-D120, Heqi Technologies Inc., Xian, China) were inserted into

he four kiwifruit slices in the geometric center of the container

o record sample temperatures during the RF-vacuum drying pro-

ess. Surface temperatures of kiwifruit slices were measured and

nalyzed using an infrared thermal imaging camera (FLIR A300,

LIR Systems, Stockholm, Sweden) having an accuracy of ±2 °C.

oisture content of kiwifruit slices was calculated by employing

ravimetric method, supposing that the loss of weight in kiwifruit

lices was caused by water evaporation during the RF-vacuum

rying. Mass of samples was weighted by the electronic scale

AT8106, Pengheng Electronic Inc., Shanghai, China) and recorded

very 10 min. The RF-vacuum drying system was turned off until

he moisture content of sample was less than 0.13 kg/kg (d.b.). The

etail information on RF-vacuum drying system and experimental

rocess can be found in the previous study [13] . 

During RF-vacuum drying, water evaporated from kiwifruit

amples with shrinkage and deformation phenomenon. The diam-

ter and thickness of the sample were measured at three differ-

d  
nt locations using a digital caliper (DL91150, Deli Tools Co., Lt.,

uzhao, China). Therefore, the shrinkage was expressed by the ra-

io between the diameter or thickness of the sample after and be-

ore the RF-vacuum drying. 

.3. Sensitivity analysis of input parameters 

A large number of input parameters are required for modeling

he RF-vacuum drying of kiwifruit slices ( Table 1 ). Some parame-

ers could not be accurately and directly obtained from literatures,

herefore, it is important to perform a sensitivity analysis to de-

ermine how these major parameters affect the drying process of

iwifruit slices. The sensitivity analysis was carried out for the four

arameters, including capillary diffusivity values, evaporation rate

onstant, specific heat capacity and thermal conductivity values.

apillary diffusivity and evaporation rate constant values were var-

ed by ±10 0 0%, and specific heat capacity and thermal conductivity

alues were varied by ±50%, and their effect on temperature and

oisture content, two of the most important drying properties as-

ociated with the sample were calculated. 

.4. Factors affecting the drying process 

Several factors that affect the RF-vacuum drying have been

dentified, such as electrode gap of RF-vacuum system, thickness of

iwifruits slices, and vacuum pressure. Using the validated model

eveloped above, the effect of electrode gap of 40, 50, 60, 70, and
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Fig. 2. Experimental [13] and simulated temperature-time histories near the center 

of the kiwifruit with the electrode gap of 60 mm and sample thickness of 8 mm 

under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 
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w  
80 mm on the temperature and moisture content of samples with

sample thickness 8 mm and vacuum pressure 0.02 MPa was dis-

cussed. Then, different thickness (4, 6, 8, 10, and 12 mm) of sam-

ples and vacuum pressures (0.01, 0.02, 0.03, and 0.04 MPa) were

considered. Various factors were discussed to help understand the

optimal conditions for the RF-vacuum drying. 

2.5. Statistical analysis 

Statistical analysis was conducted to determine the agreement

between model and experimental values using relative percent er-

ror, which was estimated by the following equation [47] : 

E(%) = 

100 

n 

n ∑ 

i =1 

∣∣M exp ,i − M pre,i 

∣∣
M exp ,i 

(25)

3. Results and discussion 

The finite element model established was validated using ex-

perimental data from the previous study [13] and by comparing

history of temperature, moisture content, and drying rate during

RF-vacuum drying. The shrinkage and the factors affecting the dry-

ing process of kiwifruit slices were also discussed and followed by

sensitivity analysis of input parameters affected the temperature

and moisture content of samples. 

3.1. Experimental validation 

3.1.1. Temperature histories and distribution 

Fig. 2 shows a comparison between the experimental and sim-

ulated temperatures at the center of the kiwifruit slices in the

geometric center of the container during the RF-vacuum drying.

There was a good agreement between the simulated temperatures

and experimental results since the maximum relative error of tem-

perature between the simulated values and the experimental re-

sults was less than 10%. At the beginning of RF-vacuum drying,

the temperature of the kiwifruit slices with high moisture con-

tent, which absorbs more the RF energy and converts into heat,

increased rapidly with time. The pressure and the evaporation rate

of samples increased with increasing temperature, but the heat-

ing rate decreased. Therefore, the temperature-time history curve

become smooth and continued to increase to a maximum value

corresponding to the water boiling point (60 °C) under a vacuum

pressure level of 0.02 MPa [48] . When the temperature reached
he maximum value, the absorbed RF energy was mostly used for

ater evaporation. Then, decreases of moisture content in the ki-

ifruit slices again reduced the absorption of RF energy and thus

he temperature gradually decreased [49] . At the end of drying, the

ample temperature was slightly lower than 60 °C. 

Fig. 3 shows a comparison between experimental and simulated

emperature distributions of kiwifruit slices. Results demonstrated

hat the simulated temperature distribution pattern matched ex-

erimental one well. The highest temperature of kiwifruit slices

fter the RF-vacuum drying was 62.5 °C, which was located at cor-

ers while the lowest temperature was 59.5 °C and located at the

enter. The maximum temperature measured by experiment was

igher than simulated value, but the lowest temperature was in

everse lower in experiments since heat loss of samples was ob-

erved during moving and measuring processes. The similar cor-

ers and edges effect, in which the sample temperature at cor-

ers and edges was higher than that in the sample center, was

lso found when chestnuts [24] and soybeans [50] were heated by

F energy. This can be explained by that electrical field intensity

oncentrated at corners and edges of the sample was higher than

hat in the center due to the electrical field refraction and reflec-

ion, and resulted in higher temperature distributions at corners

nd edges based on Eqs. (3) and (4) [24] . For a single kiwifruit

lice, the cold spot location was found to be at the slice center

ased on both experimental and simulated results. Similar results

ere reported for peanut butter, which was packaged by a cylin-

rical container, when it was heated by RF energy [51] . 

.1.2. Drying rate 

Fig. 4 shows simulated and experimental drying

ate/evaporation rate of samples during the RF-vacuum dry-

ng. At the beginning of RF-vacuum drying, the drying rate was

ero due to the mass and energy balance. Then, the drying rate

ncreased rapidly for the large temperature and pressure gradients

ccording to Eq. (9) and reached a maximum value after about

0 min of RF heating. After the maximum value reached, the

rying rate declined down sharply due to a decrease in tempera-

ure difference between the surface and the center and reduced

ate of heat transfer. At the second half of drying process, the

rying rate changed slowly and closed to zero because the lower

oisture content reached under the vacuum conditions, almost all

ree water was evaporated from the sample, and the remaining

ound water was removed. Similar behavior has been observed in

icrowave-vacuum dried kiwifruit drying [52] . 

.1.3. Changing of moisture content 

Fig. 5 shows a comparison between the simulated and exper-

mentally observed moisture loss-time histories of the kiwifruit

lices during the RF-vacuum drying. The simulated moisture con-

ent matched the experimental values well with maximum differ-

nce of less than 2%. The moisture content values decreased slowly

uring some initial minutes for the low temperature and low evap-

ration rate. Then, the moisture content values decreased rapidly

hen the sample temperature increased due to the temperature

radient between the kiwifruit slices and the surrounding, result-

ng in high evaporation rate. Due to the evaporation and mois-

ure loss, the dielectric properties and gas porosity of samples de-

reased. According to Eq. (3) , the RF energy absorption of sam-

les would be lower due to lower dielectric properties, resulting

n lower increase of temperatures and lower moisture loss. After

20 min of RF-vacuum drying, the moisture content of samples de-

reased from 5.66 to 0.67 (d.b.). Then the moisture content curve

ecame flat at the later drying time and reached to 0.13 (d.b.) at

he end of RF-vacuum drying. 

Fig. 6 shows a simulated moisture content distribution of ki-

ifruit slices after the RF-vacuum drying. The highest moisture
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Fig. 3. Comparison of experimental (a) [13] and simulated (b) temperature ( °C) distributions (top view) of kiwifruit placed on the bottom electrode with electrode gap of 

60 mm and sample thickness of 8 mm under vacuum pressure of 0.02 MPa after the RF-vacuum drying. 

Fig. 4. Simulated and experimental [13] drying rate/evaporation rate (kg water/kg 

solid min −1 ) near the center of the kiwifruit with the electrode gap of 60 mm and 

sample thickness of 8 mm under the vacuum pressure of 0.02 MPa during the RF- 

vacuum drying. 

Fig. 5. Simulated and experimental [13] moisture loss (d.b.)-time histories of the 

kiwifruit slices with the electrode gap of 60 mm and sample thickness of 8 mm 

under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

c  
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c  
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Fig. 6. Simulated moisture content (d.b.) (top view) of kiwifruit placed on the bot- 

tom electrode with the electrode gap of 60 mm and sample thickness of 8 mm 

under the vacuum pressure of 0.02 MPa after the RF-vacuum drying. 
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ontent of samples after the RF-vacuum drying was located at the

eometric center region of the container while the lowest moisture

ontent was located at corners of the container. Fig. 7 shows simu-

ated and experimental moisture contents at the central cross sec-
ion of the kiwifruit slice located near the center of the container

fter the RF-vacuum drying, indicating that the lowest moisture

ontent was located at the edge of slice and the highest one was

ocated at the slice center. The distribution of moisture content

n kiwifruit slices was opposite to that of temperature since the

igh temperature resulted in high evaporation rate, and low mois-

ure content. The experimental moisture content (0.259 ± 0.013)

t the center was higher than simulated values (0.188) but it

0.137 ± 0.005) was lower than simulated results (0.174) at the

dge part although experimental and simulated moisture contents

ad the same average value. This result may be caused by central

nd edged parts of kiwifruit slice had different tissues and rehy-

ration capacities. 

.1.4. Shrinkage 

Fig. 8 shows experimental and simulated shrinkages of the ki-

ifruit slice in the geometric center of the container during the

F-vacuum drying. After the drying process, long diameter, short

iameter, and thickness of kiwifruit slices were 35.97 ± 1.68,

0.66 ± 1.34, and 3.70 ± 0.12 mm, respectively. Then, the shrink-

ge of kiwifruit slices were estimated to be 79.93%, 68.13%,

nd 46.25% for long axis, short axis, and thickness of kiwifruit

lices, respectively. Obviously, the shrinkage of kiwifruit slices was

onuniform in the three directions. However, the shrinkage of ki-

ifruit slices was 72.52% by simulation based on the homoge-

ous material. This result indicated that further research would be

eeded on the shrinkage and moisture content of kiwifruit slices

sing an accurate model to consider various tissues in different

one. 
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Fig. 7. Simulated and experimental [13] moisture contents (d.b.) at the central cross section of kiwifruit slice near the center of the container after the RF-vacuum drying 

(a. testing position, b. testing result). 

Fig. 8. Shrinkage of kiwifruit slices with the electrode gap of 60 mm and sample thickness of 8 mm under the vacuum pressure of 0.02 MPa before and after the RF-vacuum 

drying (a: experimental before drying, b: experimental after drying, c: simulated before drying, d: simulated after drying). 
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The above results indicated that the simulated temperature and

moisture content profiles calculated by the established 3-D model

matched experimental results well since the maximum relative

error for temperature and moisture content was less than 10%

and 2%, respectively. Furthermore, the simulated temperature and

moisture content distribution pattern also matched experimental

results well. Therefore, the validated model could be used to con-

duct a sensitivity analysis of input parameters and evaluate influ-

ences of the main factors on drying characteristics. 

3.2. Sensitivity analysis 

3.2.1. Capillary diffusivity 

Since no experimentally measured value of capillary diffusiv-

ity for kiwifruit was found in the literature, a capillary diffusiv-

ity value was expressed by Eq. (24) for this model based on mi-

crowave drying of potato [41] and selected as a reference. Fig. 9

shows the calculated temperature- and moisture content-time his-

tories of kiwifruit slices for two capillary diffusivity values, which

were compared with the reference. When the capillary diffusiv-

ity value was higher or lower with ±10 0 0% variations, no signif-

icant difference from the reference was observed for the temper-

ature and moisture content of kiwifruit slices. Therefore, effect of

different capillary diffusivity values on temperature and moisture

content of samples during the RF-vacuum drying could be ignored

based on the simulation results. 
.2.2. Evaporation rate constant 

Experimentally measured value of evaporation rate constant of

iwifruit is not available in the literature. An evaporation rate con-

tant of 10 −6 1/s used to simulate a vacuum drying of pharma-

eutical compounds [32] was served as a reference. Fig. 10 shows

he predicted temperature- and moisture content-time histories of

iwifruit slices as influenced by two values of evaporation rate

onstant and compared with the reference. According to Eq. (9) ,

he higher evaporation rate constant resulted in higher evaporation

ate. As a consequence, the temperature was slightly lower for the

amples having higher evaporation rate constant while the mois-

ure content of kiwifruit slices was obviously lower as compared

ith the reference. Therefore, the moisture content was more sen-

itive than the temperature to the changes of evaporation rate con-

tant. 

.2.3. Specific heat capacity and thermal conductivity 

Specific heat capacity and thermal conductivity values were cal-

ulated based on the major compositions of kiwifruit according to

he method in the previous literature [37] . The calculated specific

eat capacity and thermal conductivity values were used as the

eferences. Figs. 11 and 12 show the calculated temperature- and

oisture content-time histories of kiwifruit slices as influenced by

wo values of specific heat capacity and thermal conductivity, re-

pectively, and compared with the references. The changes in spe-

ific heat capacity and thermal conductivity values in kiwifruit in-

icated very small changes in temperatures and moisture content

alues during the RF-vacuum drying. Therefore, more accurate val-
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Fig. 9. Effect of capillary diffusivity on temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with electrode gap of 60 mm and sample thickness of 8 mm 

under vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

Fig. 10. Effect of evaporation rate constant on temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with the electrode gap of 60 mm and sample thickness 

of 8 mm under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

Fig. 11. Effect of specific heat capacity on temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with the electrode gap of 60 mm and sample thickness of 

8 mm under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 
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es of specific heat capacity and thermal conductivity values might

ot be required for predicting the temperature or final moisture

ontent of the kiwifruit slices during the RF-vacuum drying. 

Four parameters, including capillary diffusivity values, evapora-

ion rate constant, specific heat capacity and thermal conductivity

alues, were used for the sensitivity analysis. The moisture content

as more sensitive than the temperature to the changes of evap-

ration rate constant. The changes in capillary diffusivity, specific

eat capacity, and thermal conductivity values in kiwifruit resulted
n very small changes in temperatures and moisture content val-

es during the RF-vacuum drying. Therefore, more accurate values

f capillary diffusivity, specific heat capacity, and thermal conduc-

ivity values might not be required for predicting moisture loss or

nal moisture content of the kiwifruit slices in this research. 
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Fig. 12. Effect of thermal conductivity on temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with the electrode gap of 60 mm and sample thickness of 

8 mm under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

Fig. 13. Temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with the electrode gaps of 40, 50, 60, 70, and 80 mm and sample thickness of 8 mm under 

the constant vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

Fig. 14. Simulated electric field intensity (V/m) of kiwifruit slices in the geometric center region of the container with the sample thickness of 8 mm and different electrode 

gap (a. 80 mm, b. 70 mm, c. 60 mm, d. 50 mm, and e, 40 mm) under the vacuum pressure of 0.02 MPa during the RF-vacuum drying. 
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3.3. Factors affecting the drying process 

3.3.1. Electrode gap of the RF-vacuum system 

Fig. 13 shows the effect of electrode gap on temperature and

moisture content of kiwifruit slices during the RF-vacuum drying.

The total drying times required to reduce the moisture content of

samples from 5.66 to 0.13 kg/kg (d.b.) were 140, 170, 200, 260, and

320 min for sample thickness of 8 mm and vacuum pressure of

0.02 MPa, and electrode gaps of 40, 50, 60, 70, and 80 mm, respec-

tively ( Fig. 13 a). Based on Eqs. (2) –(4) , the heating rates decreased

with increasing electrode gap due to decreasing electric field in-

tensity ( Fig. 14 ). Furthermore, the electric field intensity of slice

edge was obviously higher than that of the center, resulting in the

corners and edges effect. The average sample temperatures at the

i  
ifferent electrode gaps also increased gradually to their highest

alue during the RF heating and then remained relatively constant

ear the saturation temperature of water under the vacuum pres-

ure of 0.02 MPa. While the sample temperature remained steadily,

he drying rate increased rapidly and reached the peak value be-

ause the absorbed RF energy was mostly used for moisture evap-

ration. Generally, the smaller electrode gap resulted in higher RF

eating-drying rates, but also resulted in some non-uniform heat-

ng and sometimes runaway heating occurred at the corners and

dges of the samples. 

.3.2. Thickness of sample 

The influences of kiwifruit slice thickness on RF-vacuum dry-

ng characteristics are shown in Fig. 15 . In this study, the RF heat-
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Fig. 15. Temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with sample thickness of 12, 10, 8, 6, and 4 mm and the electrode gap of 60 mm under the 

constant vacuum pressure of 0.02 MPa during the RF-vacuum drying. 

Fig. 16. Temperature ( °C) (a) and moisture content (d.b.) (b) of kiwifruit slices with the constant electrode gap of 60 mm and sample thickness of 8 mm under the vacuum 

pressure of 0.01, 0.02, 0.03, and 0.04 MPa during the RF-vacuum drying. 
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m  
ng rate of kiwifruit slices even increased with increasing sample

hickness ( Fig. 15 a). This was because the air gap between top elec-

rode and upper surface of sample simultaneously decreased with

ncreasing sample thickness, resulting in more intense RF electric

eld distribution and faster heating rate [54] . When the sample

hickness decreased from 12 to 4 mm, the RF-vacuum drying time

ncreased from 160 to 310 min when the moisture content of sam-

les decreased from 5.66 to 0.13 kg/kg (d.b.) at the tested electrode

ap and vacuum pressure levels (60 mm gap and 0.02 MPa vacuum

ressure) ( Fig. 15 b). However, the MW-vacuum drying time for ki-

ifruit slices was reported to increase from 14 to 24 min when

ample thickness increased from 3 to 9 mm [53] . Although MW

nd RF treatments have similar heating mechanisms, the smaller

enetration depth associated with MW as compared with RF heat-

ng is likely responsible for the slower heating rate associated with

he former. Therefore, RF drying offers better advantages of heat-

ng/drying larger size or bulk materials as compared with MW dry-

ng. 

.3.3. Vacuum pressure 

Fig. 16 shows the effect of different vacuum pressures (0.01,

.02, 0.03, and 0.04 MPa) on RF-vacuum heating-drying character-

stics with 60 mm electrode gap and 8 mm sample thickness. The

eating rate and maximum temperature of sample increased with

ncreasing vacuum pressure. This can be explained by the higher

riving force of water vapor needed at lower pressure levels. Then

ess heat of evaporation could be necessary and resulted in higher
ater boiling point at lower pressure levels [52] . The results also

uggested that RF-vacuum drying time decreased at lower vacuum

ressure levels (higher vacuum). For example, the RF-vacuum dry-

ng time at the vacuum pressure of 0.04 MPa was 310 min, which

as reduced to 160 min when the applied vacuum pressure was

.01 MPa ( Fig. 16 b). The moisture diffusion rate was accelerated

y lowering the vacuum pressure due to the high vapor pressure

radients. Similar results have also been reported for MW-vacuum

rying of fruits/vegetables, such as apple slices [55] , carrot slices

56] , and lotus [57] . However, too low vacuum pressure may cause

ome potential technical problems in the RF-vacuum system. 

The influences of three factors, including electrode gap, thick-

ess of kiwifruit slices, and vacuum pressure, on RF-vacuum dry-

ng process were discussed. The temperature of kiwifruit slices in-

reased with increasing thickness of kiwifruit slices, but decreasing

lectrode gap and vacuum pressure. But the drying time decreased

ith increasing thickness of kiwifruit slices, but decreasing elec-

rode gap and vacuum pressure. Therefore, it is important to select

ppropriate electrode gap, thickness of kiwifruit slices, and vac-

um pressure values to improve the RF drying efficiency. Based on

bove results, all the proposed aims of this simulation study were

chieved. 

. Conclusions 

In this study, a 3D model was developed to predict heat and

ass transfer of kiwifruit during the RF-vacuum drying. Results
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from computer simulation showed a good agreement with ex-

perimental values of the temperature, and moisture content of

kiwifruit slices during the RF-vacuum drying and the validated

model was used to conduct a sensitivity analysis of input parame-

ters and evaluate influences of the main factors on drying charac-

teristics. The temperature of the kiwifruit slices increased rapidly

with time, reached the maximum value, and then gradually de-

creased. Furthermore, the drying rate increased rapidly at the be-

gin of drying process and reached a maximum value after about

40 min of RF heating. At the second half of drying process, the dry-

ing rate changed slowly and closed to 0. Evaporation rate constant

was found to be sensitive to moisture content of treated samples.

The influences of thickness of kiwifruit slices, electrode gap, and

vacuum pressure of the RF-vacuum system on temperature-, and

moisture content-time history were investigated during the RF vac-

uum drying process. The temperature of kiwifruit slices increased

with increasing thickness of kiwifruit slices, but decreasing elec-

trode gap and vacuum pressure. While the drying time decreased

with increasing thickness of kiwifruit slices, but decreasing elec-

trode gap and vacuum pressure. The results in this study may pro-

vide useful information about this complicated drying process for

further applications and optimizations. 
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