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ABSTRACT 

This paper describes the experimental results on the drying of the potato slices by infrared radiation under vacuum condition. 
The investigation of vacuum far-infrared drying processes was conducted on the experimental set-up that is designed to imitate 
industrial batch dryer. The experimental conditions have been chosen such that heaters’ temperature and vacuum chambers’ 
pressure have been in the range used on the industrial dryer. Potato slices were dried at various vacuum pressures (20, 40, 60 and 80 
kPa) and temperatures (120, 140, 160, 180 and 200 oC) which were kept constant during the single experiments. Based on 
experimental drying data, it was found that the drying time decreased with an increase of temperature of heaters and the decrease in 
the chamber pressure. It was also concluded that the influence of the temperature in vacuum chamber has more significant effect on 
reducing of the drying time than the vacuum pressure. Ten well known thin layer drying models from scientific literature were used to 
approximate the experimental data of drying kinetic in terms of moisture ratio. In order to find which model gives the best results, 
numerical experiments were made. For each model and data set, the statistical performance index () and chi-squared (2) value 
were calculated and models were ranked afterwards. The performed statistical analysis shows that the model of Aghbashlo gives the 
best results for approximation of experimental drying data of potato slices. 

Key words: modelling, thin-layer drying, potato. 

REZIME 

U ovom radu su prikazani rezultati eksperimentalnog istraživanja termoradijacionog vakuum sušenja listića krompira. 
Eksperimenti su sproveđeni na eksperimentalnoj aparaturi koja je tako dizajnirana da imitira industrijsku sušaru. Eksperimentalni 
uslovi su odabrani tako da temperatura grejača i pritisak koji vlada u vakuum komori su u opsegu koji se može postići kod realne 
industrijske sušare. Listići krompira sa debljinom od 3 mm sušeni su na vakuum pritiscima od 20, 40, 60 i 80 kPa i temperaturama od 
120, 140, 160, 180 i 200oC. Eksperimentalni uslovi su držani konstantnim tokom realizacije pojedinačnih eksperimenata. Na osnovu 
eksperimentalnih rezultata kinetike sušenja, ustanovljeno je da vreme sušenja opada sa porastom temperature grejača i smanjenje 
vakuuma u vakuum komori. Takođe je zaključeno da temperatura u vakuum komori ima veći uticaj na skraćenje vremena sušenja u 
poređenju sa vakuum pritiskom. Za aproksimaciju eksperimentalnih podataka kinetike termoradijacionog vakuum sušenja korišćeno 
je deset modela za sušenje u tankom sloju.U cilju pronalaženja modela koji najbolje aproksimira eksperimentalne rezultate urađeni 
su numerički eksperimenti. Za svaki model i set eksperimentalnih podataka, proračunat je performansni indeks () i vrednosti chi-
squared (2), a zatim su modeli rangirani. Izvršena statistička analiza pokazuje da Aghbashlo model najbolje aproksimira 
eksperimentalne podatke kinetike sušenja krompira. 

Ključne reči: modeliranje, sušenje u tankom sloju, krompir. 

.INTRODUCTION 

According to the official data and assessments of FAOSTAT 
for 2012, annual world production of potato has taken sixth 
place of all food products with amount of 365.365.367 MT 
(http://faostat3.fao.org). Countries with the largest production of 
potato are: China with 87.269.000 MT, India, 41.483.000, 
Russian Federation, 29.532.530 MT, Ukraine, 23.250.200 MT 
and USA, 20.990.738 MT, (http://faostat3.fao.org). 

Vegetables play a significant role in human diet and nutrition 
as sources of vitamins, minerals and dietary fiber. The potato is a 
vegetable which is a good source of minerals such 
as magnesium, phosphorous, iron, copper and zinc as well as 
vitamin C and B-complex vitamins such as thiamin, niacin, 
riboflavin and pyridoxine (vitamin B-6). 

Fresh potatoes having relatively high moisture contents are 
very sensitive to microbial spoilage even at refrigerated 
conditions (Doymaz, 2011). Hence, they must be consumed 
within a few weeks after the harvest or be processed into various 
products such as flour. Dehydrated potato is commonly used as 

an ingredient in food industry for production of puree, 
dehydrated soups and many kinds of stews.  

Drying is the most common form of food preservation. This 
process improves the food stability, since it reduces considerably 
the water and microbiological activity of the material and 
minimizes physical and chemical changes during its storage 
(Hatamipour et al., 2007). Convective hot-air drying is the most 
widely used method for the production of dehydrated fruits and 
vegetables. The main disadvantages of this classical drying 
process are the low dehydration capacity of the dried materials 
and the material colour changes during drying (Kanevce et al., 
1998b). For better quality of dried fruits and vegetables, vacuum 
freeze - drying technique is used. However, the freeze-drying 
process has two major disadvantages: large energy demand, 
lengthily drying time and consequently high production costs 
(Kanevce et al., 1998b).  

 Increasing concern for product quality and the need for   
minimized processing and energy costs led to a more detailed 
study of drying of food materials.  

In recent years, far-infrared drying method is very popular 
alternative method for drying of variety food materials. In the 
process of infrared radiation drying, the energy in the form of 



Bundalevski,  Slobodan et. al./Experimetnal Investigation of Vacuum Far-Infrared Drying of Potato Slices 

72 Journal on Processing and Energy in Agriculture 19 (2015) 2 

electromagnetic wave is absorbed directly by the product 
without loss to the environment leading to considerable energy 
savings, uniform temperature distributions in the product during 
drying, and a reduced necessity for air flow across and keeping 
good product quality (Ratti and Mujumdar, 1995). The use of 
infrared radiation in drying processes, has more advantages 
compared to hot air convective drying, such as: high energy 
efficiency, uniform heating of material, acceleration of drying 
process or decreasing of drying time and improved dried product 
quality (Mongpraneet et al., 2002). Although infrared radiation 
can accelerate drying process, heat-sensitive materials, such as 
agricultural materials and foods, could be damaged or degraded 
along with the quality decreasing, if radiation intensity is not 
properly applied (Nimmol, 2010). 

Since most fruits and vegetables are heat-sensitive in nature 
and easily degrade at the presence of oxygen, it is desirable to be 
able to dry at low temperature and low oxygen content to 
preserve the quality (Liu et al., 2012). In vacuum drying of food, 
moisture within the product being dried evaporates at lower 
temperatures (lower than 100 °C) giving better product quality, 
especially in the cases of foods or agricultural products, which 
are heat-sensitive in nature (Nimmol, 2010).  

Due to the high energy consumption in this method, vacuum 
drying can be used for highly sensitive and high value-added 
products (Hafezi et al., 2014). With combined advantages of 
both drying methods, high-energy efficiency of the drying 
process is enhanced and degradation of dried product quality is 
also reduced (Hafezi et al., 2014). In scientific literature several 
researches experimentally investigated vacuum far-infrared 
drying of various food products and plants: banana (Swasdisevi 
et al., 2007), carrot (Nimmol, 2010),  dogwood (cornus 
officinalis) (Liu et al., 2012), mushrooms (Mitrevski, 1998; 
Kanevce et al., 1998; Kanevce et al., 1998a;  Kanevce et al., 
1998b); onion (Mongpraneet et al., 2002), red pepper (Pliestić, 
and Mitrevski, 2003),  pistachios (Kouchakzadeh and Haghighi, 
2011), potato (Hafezi et al., 2014).  

The objectives of this paper were: 
a) Experimental investigation of the drying kinetics of potato 

under different vacuum pressures and temperatures of heaters in 
vacuum chamber, and  

b) evaluation of suitability of some thin-layer drying models 
for approximation of experimental drying data and comparison 
of their goodness of fit. 

Nomenclature 
A,B,C,D        - parameter 
k1,k2 (min-1) - drying constants 
M (kg/kg) - moisture content dry basis 
MR - moisture ratio 
MRD - mean relative deviation 
p (Pa)  - pressure 
R2 - coefficient of determination 
RMSE - root mean squared error 
t (oC) - temperature of heaters 
z1, z2 - statistic for testing the skewness and  
                       kurtosis of the residual population 
 

Greek symbols 
2 - statistic for testing the normality of the 
   moisture residual  
 - lumped measure for the goodness of fit 
 (min-1) - time 
 

Subscripts 
0 - initial 
eq - equilibrium 

MATERIAL AND METHOD 

Potato variety “Carrera” was used in experimental part of the 
research. The samples were stored in a refrigerator at 4 oC until 
usage. To prepare samples, the potatoes were washed, peeled 
and sliced in order to obtain uniform samples with thickness of 
3±10-1 mm, before being reduced to a cylinder form with 
diameter of 43±10-1 mm. The initial moisture content of fresh 
slices and the final moisture content of dried samples were 
determined gravimetrically by hot air oven method at 105 ºC and 
atmospheric pressure for a period of 24 h. The initial moisture 
content of potato slices used in experimental investigations 
varies between 5.10-5.36 kg kg-1 d.m.  

The obtained experimental data set for thin-layer drying 
kinetics of potato slices was performed on experimental setup 
apparatus (Fig. 1), designed to imitate industrial dryer.  
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Fig. 1. Experimental vacuum far-infrared dryer with         
continuous measurement of samples’ mass change 

1 - vacuum pump, 2 - separator, 3 - vacuum chamber, 4  - 
vacuum meter,      5 - temperature controller, 6 - vacuum 

regulator,  7 - samples, 
8 - microthermocouples, 9 - load cell, 10 - shelf, 11 - heaters, 12 

– data   acquisition system, 13 - 24 bit A/D converter, 14 - 
personal computer 

 

The dryer consists of two basic units. First unit is composed 
of vacuum pump (1) with separator (2), and vacuum chamber (3) 
with vacuum meter (4), temperature controller (5) and vacuum 
regulator (6). The second unit contains micro-thermocouples (8), 
load cell (9), data acquisition system (12) and personal computer 
(14). Required temperature in the vacuum chamber is maintained 
by regulation of heaters (11) with 28-segment programmable 
temperature controller (5) in which over-temperature protection 
is incorporated with included PID precise temperature control 
with temperature fluctuation of ±1 oC. The reqired temperature 
in the chamber and drying time are set by this controller. The 
temperature in the vacuum chamber is measured by micro-
thermocouple incorporated in the chamber, and it can be 
observed from the display. When the temperature was achieved, 
the samples were put in the vacuum chamber. The vacuum in the 
chamber was achieved by single step rotary vane vacuum pump, 
type EQ-2XZ. The vacuum in vacuum chamber was kept 
constant during single experiments, and was regulated with 
vacuum regulator (6). The transient temperatures of drying 
samples are measured with three micro-thermocouples (8) 
placed in the mid-plane of the drying samples. The micro-
thermocouples are connected to data acquisition system 
contained of computer interface (12), type IDRN-ST, 24-bit A/D 
converter (13), type OMB-DAQ-2408 and data acquisition 
software. The measurement of sample’s mass changes with time 
is enabled with load cell type OMEGA LCL 040, which is 
connected to data acquisition system. The temperature and mass 
changes are registered on personal computer. The drying 
experiments were performed until the sample moisture content 
of 0.0541 kg kg-1 d.m. was obtained. 
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Mathematial modeling of  
the drying curves 
 

In these paper, ten thin-layer mathematical models were used 
to approximate experimental data of the drying kinetic of potato 
slices (Table 1). 

 

Table 1. Thin-layer mathematical drying models 

Model 
Name of 
model 

Equation References 

M01 Page MR = exp(-k1
A) 

Erbay et al., 
2009 

M02 
Modified 

Page MR = exp(-(k1)
A) 

Erbay et al., 
2009 

M03 Midilli MR = Aexp(-k1
B)+C Midilli et al., 

2002 

M04 
Wang and 

Singh MR = 1+A+B2 
Erbay et al., 

2009 
M05 Weibull MR = exp(-(/A)B) Doymaz, 2012

M06 Aghbashlo MR = exp(-k1/(1+k2)) 
Aghbashlo et 

al. 2009 

M07 Parabolic MR = A+B+C2 
Doymaz, 

2011a 

M08 Hii 
MR = Aexp(-k1

B) 
+ Cexp(-DB) 

Hii et al., 
2008 

M09 
Jena and 

Das 
MR = Aexp(-k1B0.5) 

+C 
Jena et al., 

2007 

M10 Alibas MR =Aexp[(-k1
B) +C] 

+D 
Alibas, 2012

 

In these models, the moisture ratio (MR) is defined by the 
following equation 

                             

MR = (M - Meq) / (M0 - Meq)  (1) 
 

The values of Meq are relatively small compared to those of 
M or M0, so the error involved in the simplification is negligible. 

Thus moisture ratio was then calculated as: 
 

MR = M / M0  (2) 
 

In order to estimate and select the best thin-layer drying 
model performance index, was calculated. The value of 
performance index, was calculated on the basis of calculated 
values for coefficient of determination R2, the root mean squared 
error RMSE and the mean relative deviation MRD (Ruiz-Lopez 
and Lara, 2009): 

 

MRDRMSE

R 2


  (3) 

 

Higher values of performance index  indicate that thin-layer 
model better approximates the experimental data. 

The D’Agostino-Pearson test of normality is the most 
effective procedure for assessing a goodness of fit for a normal 
distribution (Sheskin, 2000). This test is based on the individual 
statistics for testing of the population of skewness z1 and kurtosis 
z2, respectively. The test statistic for the D'Agostino-Pearson test 
of normality is computed with equation (Sheskin, 2000): 

 
2
2

2
1

2 zz    (4) 
 
The x2 statistics has a chi-squared distribution with 2 degrees 

of freedom (df). The tabled critical 0.05 chi-square value for     
df = 2 is . = 5.99.  herefore, if the computed value of chi-
square is equal to, or greater than, either of the aforementioned 

values, the null hypothesis can be rejected at the appropriate 
level of significance (Sheskin, 2000), i.e. the thin-layer model 
should be rejected.   

The best model that is describing the thin-layer drying 
characteristics of potato slices has to be chosen on the basis of 
higher () value and lower (χ2) value (Mitrevski et al., 2013). 

RESULTS AND DISCUSSION 

In Fig. 2, the variation of moisture content with drying time 
at absolute vacuum pressure 20, 40, 60 and 80 kPa for potato 
slices at heater temperature of 120 oC are shown. A decrease in 
vacuum pressure from 80 kPa to 20 kPa resulted in decreased 
drying time of approximately 11 %. Several authors reported 
considerable decrease in drying time when lower vacuum 
pressures were used in vacuum far-infrared drying (Mitrevski, 
1998; Plestić and Mitervski, 2003; Swasdisevi et al., 2007; 
Nimmol, 2010; Hafezi et al., 2014; Liu et al., 2014).   

 

 
Fig. 2. Drying curves of potato slices at different vacuum 

pressures on temperature of heater’s 120  oC 
 

In Fig. 3, the variation of moisture content with drying time 
at heater temperature of 120, 140, 160, 180 and 200 oC at 
absolute vacuum pressure of 80 kPa are shown. An increase in 
the heater temperature from 120 oC to 200 oC resulted in 
approximately 59 % decreased drying time.  

Similar results were reported in literature for different kinds 
of fruits and vegetables (Mitrevski, 1998; Kanevce et al., 1998b; 
Plestić and Mitervski, 2003; Swasdisevi et al., 2007; Nimmol, 
2010; Hafezi et al., 2014; Liu et al., 2014). 

 

 
Fig. 3. Drying curves of potato slices at different heater 

temperatures at pressure of 80kPa 
 

0

1

2

3

4

5

6

0 20 40 60 80 100 120 140 160 180 200 220 240 260

 [min]

us
r [

kg
/k

g]

p = 80 kPa p = 60 kPa p = 40 kPa p = 20 kPa

theaters = 120oC

0

1

2

3

4

5

6

0 20 40 60 80 100 120 140 160 180 200 220 240 260

 [min]

us
r 
[k

g/
lk

g]

t = 120 oC t = 140 oC t = 160oC t = 180 oC t = 200 oC

p = 80 kPa



Bundalevski,  Slobodan et. al./Experimetnal Investigation of Vacuum Far-Infrared Drying of Potato Slices 

74 Journal on Processing and Energy in Agriculture 19 (2015) 2 

It is obvious that changes in heater temperatures have more 
significant effect on decreasing drying time than changes of the 
pressure in the vacuum chamber. Similar results have been 
obtained for vacuum infrared drying of dogwood (cornus 
officinalis) (Liu et al., 2012). 

The experimental moisture content data obtained at different 
heater temperatures and different absolute vacuum pressures in 
chamber were converted to the moisture ratio (MR) and then 
fitted to the ten thin-layer drying models given in Table 1. 
Because the regression method, estimation method, the initial 
step size, the start values of parameters, convergence criterion 
and form of the function have significant influence on accuracy 
of estimated parameters, a large number of numerical 
experiments were performed (Mitrevski et al., 2014).  

 The method of indirect non-linear regression and estimation 
methods of Quasi-Newton, Simplex, Simplex and quasi-Newton, 
Hooke-Jeeves pattern moves, Hooke-Jeeves pattern moves and 
quasi-Newton, Rosenbrock pattern search, Rosenbrock pattern 
search and quasi-Newton, Gauss-Newton and Levenberg-
Marquardt from computer program StatSoft Statistica (Statsoft 
Inc., Tulsa, OK, http://www.statsoft.com), were used in 
numerical experiments.  

On the basis of thin-layer data of quince and each model 
from Table 1, the average values of: coefficient of determination 
(R2), root mean squared error (RMSE), mean relative deviation, 
(MRD), performance index () and (χ2) were calculated. When 
the value for coefficient of determination obtained from different 
estimation methods was different, the greatest value was 
accepted as relevant. After that, the thin layer models were 
ranked on the basis of average values of performance index, (a), 
(Table 2).  

 

Table 2. Statistic summary of the regression analysis 
Model Ra

2 RMSEa MRDa a χa
2 Rank

M01 0.9966 0.0208 0.7729 71.356 1.3624 9 
M02 0.9966 0.0208 0.7707 71.622 1.3444 7 
M03 0.9966 0.0199 1.3126 79.912 1.7085 5 
M04 0.9970 0.0179 0.9683 213.26 1.4881 4 
M05 0.9966 0.0208 0.7707 71.621 1.3442 8 
M06 0.9997 0.0056 0.2017 1322.8 1.3324 1 
M07 0.9981 0.0153 0.8575 225.77 1.3468 3 
M08 0.9972 0.0224 0.6934 77.994 2.2332 6 
M09 0.9979 0.0155 0.9739 291.41 2.1483 2 
M10 0.9960 0.0239 1.8048 46.000 1.6017 10 

*”a” average values were calculated for five temperature of 
heater’s and four absolute vacuum pressures 

 

From Table 2, it is evident that model M06 i.e. Aghbashlo 
model, has the highest value of average performance index        
a = 1322.8 and lowest average chi-squared value χa

2 = 1.3324 
value in comparison with the other models. So, this model may 
be selected to represent the thin layer drying behavior of potato 
slices for all drying conditions. From all models, the model M10, 
i.e. Alibas model has the smallest value of average performance 
index a = 46.000 and χa

2 = 1.6017. Thus, this model has the 
worst ability to approximate experimental thin-layer drying data 
of vacuum far-infrared drying potato slices. In accordance with 
statistical criteria, those models are able to correlate the 
experimental values of drying kinetic of potato slices with 
0.56÷2.39 % average root mean squared error. 

The estimated values of parameters for the Aghbashlo model 
at different heater temperatures and different absolute vacuum 
pressure in chamber are given in Table 3.  

Table 3. Non-linear regression parameters  
t         p 

[oC]    [kPa] 
k1 k2 

120     20 0.0098 -0.0036 

120     40 0.0093 -0.0036 

120     60 0.0086 -0.0036 

120     80 0.0080 -0.0035 

140     20 0.0095 -0.0057 

140     40 0.0102 -0.0053 

140     60 0.0090 -0.0052 

140    80 0.0093 -0.0048 

160    20 0.0195 -0.0044 

160    40 0.0174 -0.0047 

160    60 0.0155 -0.0050 

160    80 0.0135 -0.0051 

180    20 0.0185 -0.0084 

180    40 0.0170 -0.0083 

180    60 0.0149 -0.0083 

180    80 0.0134 -0.0081 

200    20 0.0248 -0.0083 

200    40 0.0224 -0.0088 

200    60 0.0209 -0.0088 

200    80 0.0171 -0.0091 
 

As shown in Fig. 4, a good match was found between 
experimental and calculated values with the model of 
Aghbashlo.  
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exp t = 120 oC, p = 40 kPa      _____  calculated
 exp t = 140 oC, p = 60 kPa     _____  calculated
 exp t = 160 oC, p = 60 kPa     _____  calculated
 exp t = 180 oC, p = 40 kPa     _____  calculated
 exp t = 200 oC, p = 20 kPa     _____  calculated

Fig. 4. Experimental and predicted moisture ratio for  
different heater temperatures and different absolute vacuum 
pressures in chamber, approximated with Aghbashlo model 

CONCLUSION 

In the presented study, the drying kinetics of potato slices 
under vacuum far-infrared drying was investigated. Experiments 
were carried out for five values of heater temperature and four 
absolute vacuum pressures in the chamber. From the realized 
experimental investigation it was concluded that changes of 
heater temperature have more significant effect on decreasing 
drying time than changes of vacuum pressure in the chamber. 
The experimental drying data in terms of moisture ratio were 
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approximated with ten well known thin layer drying models. The 
goodness of fit for those models was determined using 
performance index (2) and chi-squared value (2). According to 
the results obtained from statistical analyzes it was concluded 
that the Aghbashlo model could adequately describe the thin 
layer drying behavior of potato slices. 
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