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Abstract 
Olive paste, a mixture of olive oil, vegetation water and solid particles, have a 

complex rheological behavior. Its viscosity (μ) cannot be considered as constant and 
depends on several parameters. The olive paste changes its rheological characteristics 
from the inlet to the outlet of the olive oil extraction line because of temperature 
increase and variation in fluid composition (i.e., solid-liquid m). A numerical analysis 
was carried out using different mathematical models to predict the apparent viscosity 
of olive paste as a function of the solids and olive oil volume fractions. Experimental 
trials were carried out processing the olive paste using different techniques: traditional 
malaxing (TM), the use of megasound (MS) and the use of microwaves (MW). The 
collected data consisted of apparent viscosity values, the related shear strain rates and 
the composition of the olive paste. These data were interpolated using a power law 
model whose parameters were determined by means of a linear regression in a bi-
logarithmic scale at each step of the olive milling process. As a result of comparison 
with the experimental data, the different models were found to be quite effective for 
describing the relative viscosity behavior and the obtained solid volume fraction 
obtained after the three different processing methods confirms the best behavior of the 
MS technique. As a final consideration, the results of this work represent another step 
toward full comprehension of the physical characteristics of the olive paste finalizes to 
improve the solid-liquid separation in olive oil centrifugal decanters. 

Keywords: food processing, ultrasound applications; microwave application, olive paste, 
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INTRODUCTION 
The viscosity affects the velocity gradients and, therefore, the motion of suspended solid 

particles that must be removed by centrifugation. Based on this consideration, modeling the 
rheological behavior of olive paste is essential to investigate on the evolution of rheological 
properties of the olive paste in order to have more tools to use correct operation and 
parameters choose to optimize the decanter sedimentation (Boncinelli et al., 2013; Leone et 
al., 2013, 2015; Tamborrino et al., 2014a, 2015; Ayr et al., 2015; Squeo et al., 2017). The 
viscosity of olive paste has been measured under a range of extraction processing conditions 
in many experimental studies. The results show the strong dependence of the viscosity on the 
processing history undergone during process extraction (Ayadi et al., 2009; Tamborrino, 
2014; Romaniello et al., 2017; Tamborrino et al., 2014a, 2019; Kalogianni et al., 2019). In the 
last decade microwave (MW) and ultrasound (US) are considered the novel olive paste 
processing technology and it has found wide experimental applications in the olive oil 
industry. It has been considered to introduce a change in the actual kneading phase that is 
considered a very crucial phase to improve the qualitative characteristics of the olive oil as 
well as the extraction efficiency of the actual process (Bejaoui et al., 2016, 2018; Leone et al., 
2018a; Jiménez et al., 2007; Tamborrino et al., 2010 2019; Juliano et al., 2017; Leong et al., 
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2015). Analyzing the results of many previous studies when both US and MW treatments are 
used, a significant decrease of apparent viscosity is observed. US and MW treatments result 
in a number of physicochemical changes in the olive paste matrix, in particular, on the 
solid/liquid fraction ratio and on the apparent viscosity (Leone et al., 2018b; Amarillo et al., 
2019; Tamborrino et al., 2014b, c; Leone et al., 2017). Nowadays, the first consideration that 
led to think that these technologies could be conveniently used in the olive oil extraction 
process is related to the effects that they generate on the olive paste. (Ashokkumar, 2011; 
Chemat et al., 2017; Bejaoui et al., 2017; Caponio et al., 2018; Leone, et al., 2018b; Amarillo et 
al., 2019; Tamborrino et al., 2019). 

In this article, experimental data concerning viscosity measurements carried out on 
olive paste treated with ultrasound waves and microwave are reported and analyzed to 
investigate the rheological behavior of olive paste with different treatments. The collected 
data consist of apparent viscosity values and the related shear rates. These data were 
interpolated using a power law model (Darby, 2001) whose parameters were determined by 
means of a linear regression in a bi-logarithmic scale at each step of the olive milling process. 
Moreover, further analysis was carried out using a specific mathematical model to predict the 
apparent viscosity of olive paste as a function of the solids volume fraction. 

MATERIALS AND METHODS 

Industrial olive mill and experimental equipment with MW continuous system and MS 
prototype 

Trials were conducted with Coratina olives in an industrial olive oil mill using three 
different technologies to condition the olive paste. The industrial olive mill included a series 
of units, built by MORI-TEM s.r.l., Tavernelle Val di Pesa (FI, Italy) and represented by a leaf 
remover and washing machines group, a knives crusher, two vertical malaxer vessels with 
internal kneading blades connected to the top lid, and two phase solid-liquid horizontal 
centrifugal decanter. The industrial plant has a capacity of 750 kg h-1; the olives were 
processed without water added to the decanter. The continuous MW system and MS vessel 
were connected in parallel with the two malaxers using two 3-way valves. The MW continuous 
system was built by a polypropylene tube of 65.4 mm of diameter and 2 m of length, in a 
reverberant chamber made by stainless steel wall. Several electromagnetic shields were 
placed on both ends of the pipe. The system was equipped with a generator attached to a 
magnetron and has a maximum power draw of 6.0 kW at 2.45 GHz. Besides, the generator 
head is connected to a power supply. A PLC was need to control in a continuous mode the 
output power of the system. The MW system was fabricated and assembled by Emitech s.r.l. 
(Corato, Italy). The MS vessel prototype, the first design for a large scale trials, is a stainless 
steel rectangular reactor with a 200 L of capacity. The reactor is equipped with a set of four 
transducers with frequencies 400 and 600 kHz and a power consuming of 2 kW. The 
transducers are positioned parallel to the opposite wall to create a standing sound wave field 
inside the reactor. The system is completed by a thermocouples placed at the inlet and the 
outlet of the reactor and a pressure gage at the inlet. 

Experimental design 
Experimental trials were carried out processing the olive paste by different techniques: 

traditional malaxing (TM), the use of megasound (MS) and the use of microwaves (MW). Data 
where acquired concerning viscosity measurements carried out on olive paste to validate the 
models. The collected data consist of apparent viscosity values, the related shear rates and the 
composition of the olive paste. These data were interpolated using a power law model 
according to the equations below, whose parameters were determined by means of a linear 
regression in a bi-logarithmic scale at each step of the olive milling process. 

The treatments are summarize following: 
− TM: Control treatment was conducted by malaxing 350 kg of olive paste for 30 min 

at 28°C as malaxing temperature; 
− MW: Microwave treatment was conducted by passing in continuous way the olive 
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paste thought the MW continuous system, setting the temperature of 28°C; 
− MS: Megasonic treatment was conducted by passing in continuous way thought the 

MS prototype with a registered temperature processing of about 28°C; 
For each test a sample of olive paste was taken for the rheological measurements and 

for oil and moisture analysis. 

Rheological measurements 
Viscosity determinations were carried out using a rotational rheometer (model DV2-

HBT Brookfield Engineering Laboratories, Inc., Stoughton, MA, USA) equipped with a disc 
spindle (model RV/HA/HB-4; Brookfield DVII + Brookfield Engineering Laboratories). 
Viscosity measurements were carried using 500 mL of olive paste, loaded into a 1000-mL 
glass container conditioned at 27°C in a thermostatic bath. Ten rotational speeds, ranged 0.5-
100 rpm, were used to record the apparent viscosity. To interpret the experimental results in 
terms of viscosity, the torque–speed data and scale readings were converted into shear stress–
shear rate relationships using numerical conversion values as for Tamborrino et al. (2014a, 
b). 

Oil and moisture analysis in olive paste 
The total oil content was determined on 30 g of sample, previously dehydrated until 

reaching constant weight. Moisture removed from the sample was recorded. Oil in the dried 
sample was extracted with hexane in an automatic extractor (Randall 148, Velp Scientifica, 
Milan, Italy) following the analytical technique described by Cherubini et al. (2009). The 
sample was initially immersed directly in the boiling solvent at 139°C for 60 min. The sample 
was then subjected to washing at 139°C for 40 min; the sample container was removed from 
the solvent and reflux washed. Results were expressed as percentage of oil on wet and dry 
matter. 

Power-law model 
Viscosity directly affects velocity gradients and fluid flow fields as it describes the link 

between shear stress 𝜏𝜏𝑖𝑖𝑗𝑗  and shear strain rate �̇�𝛾𝑖𝑖𝑗𝑗: 

�̇�𝛾𝑖𝑖𝑗𝑗 = 𝜕𝜕𝑣𝑣𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

+ 𝜕𝜕𝑣𝑣𝑗𝑗
𝜕𝜕𝑥𝑥𝑖𝑖

  (1) 

where (v1, v2, v3) describes fluid velocity field in (x1, x2, x3) coordinate system. 
If the ratio between shear stress and shear rate: 

𝜇𝜇��̇�𝛾𝑖𝑖𝑗𝑗� = 𝜏𝜏𝑖𝑖𝑗𝑗
�̇�𝛾𝑖𝑖𝑗𝑗

  (2) 

is constant the fluid behavior is called Newtonian (𝜇𝜇 is the fluid dynamic viscosity). 
Otherwise, if the above ratio is not constant, the fluid is called non-Newtonian and an 

empirical law is necessary to relate shear stress (or the viscosity that is called apparent 
viscosity: 𝜇𝜇��̇�𝛾𝑖𝑖𝑗𝑗� = 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 and it is independent on the shear plane ij) to shear rate. The power-
law model can be used to calculate the apparent viscosity from the shear rate: 

𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚�̇�𝛾𝑛𝑛−1  (3) 

where µapp is the apparent viscosity, n is the flow behavior index and m is the consistency 
index. 

Olive paste rheological model 
As a result of comparison with the experimental data, different models were found 

(Zhang and Evans, 1989; Quemada, 1977; Yaghi, 2003; Arefinia and Shojaei, 2006) to be quite 
effective for describing the relative viscosity behavior and the obtained solid volume fraction 
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𝜑𝜑𝑆𝑆., whose maximum value (maximum packing factor) is 𝜑𝜑𝑚𝑚𝑎𝑎𝑥𝑥, defined in (Servais et al., 
2002). 

Typically, all models provide values for the non-dimensional relative viscosity 

𝜇𝜇𝑟𝑟 = 𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎
𝜇𝜇0

  (4) 

where µ0 is a reference value given by the viscosity of the fluid with suspended solids removed. 
In particular, in Boncinelli et al. (2013) it was proved that the Zhang-Evans model 

(Zhang and Evans, 1989) was the model best fitting the experimental data: 

𝜇𝜇𝑟𝑟 = �
1−𝑐𝑐 𝜑𝜑𝑆𝑆

𝜑𝜑𝑚𝑚𝑎𝑎𝑚𝑚
1− 𝜑𝜑𝑆𝑆

𝜑𝜑𝑚𝑚𝑎𝑎𝑚𝑚

�
2

  (5) 

The model parameters c is determined fitting the model with experimental data. 

RESULTS AND DISCUSSION 
In Table 1 the characteristics of the olive paste used in the different processing 

conditions are shown. 

Table 1. Olive paste physical characteristics. 

Processing condition Water content 
(%) 

Oil content 
(%) 

Solids content 
(%) φs / φmax 

TM1 56.58 16.85 26.57 0385 
MS1 55.77 19.47 24.76 0.358 
MS2 62.87 17.09 20.04 0.288 
MW1 55.76 16.50 27.74 0.404 
MW2 56.20 17.19 26.61 0.386 
MW3 56.76 16.41 26.83 0.390 
TM – Traditional malaxer; MS – Megasound treatment; MW – Microwave treatment. 

In Figure 1 the trend of the apparent viscosity is shown measured at different values of 
the shear rate. 

As one can easily see all the lines are very close each other except the traditional 
malaxing: MS and MW affect viscosity in the same way giving quite low viscosity values, while 
TM leaves the viscosity quite higher than in the other processing conditions. 

More insight gives the Zhang model applied using the measured values of the ratio 𝜑𝜑𝑆𝑆
𝜑𝜑𝑚𝑚𝑎𝑎𝑚𝑚

 
between the solids volume fraction and the maximum packing factor. 

The same value for the constant c=1.3588 is used in Equation 5 for all the samples. In 
Figure 2 the relation between measure and calculated values of the relative viscosity µr is 
shown. The model fits all the data with a quite high R2 value as the same olives batch has been 
used during all the tests. Possible differences in olive paste composition can occur, so also in 
the solids volume to maximum packing factor ratio, and they are explained as sampling the 
olive paste during and/or after malaxing process is a quite difficult operation. In any case, the 
results are quite independent of this variability and the method used here allows also 
standardising the olive paste characteristics not simply on the base of the olives samples but 
on calculated and measured parameters. 

Best model fitting points correspond to MW applications while for MS (and more for 
TM) the model gives a little worst approximation of the measured values. Moreover, MW 
samples behavior (c=1.3488 if only MW samples are used) is very near to (but slightly smaller 
than) the mean one (c=1.3588), MS (also very near the mean line but below the regression 
line in Figure 2) is characterized by a higher constant c=1.3600 and TM by a quite smaller 
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value c=1.3249 (the sample is above the regression line). Smaller values of c lead to higher 
values of the viscosity at equal values of the other parameters. 

 

Figure 1. Measured olive paste apparent viscosity for different processing conditions and the 
corresponding regression lines (Power law model). 

 

Figure 2. Measured olive paste apparent viscosity for different processing conditions and the 
corresponding regression line obtained using the Zhang-Evans model. 

CONCLUSIONS 
The model studied in this paper allows to standardize the comparison between 

differently treated olive paste through their standard characteristic parameters: 𝜇𝜇0 which is 
the viscosity of the olive paste with all solids removed (liquid phase) and the ratio 𝜑𝜑𝑆𝑆 𝜑𝜑𝑚𝑚𝑎𝑎𝑥𝑥⁄  
representing the packing status of the solids. Following the previous considerations, the non-
treated paste is characterized (at equal values of the other parameters) by the highest value 
of the relative viscosity (smallest constant c), while MS treated paste by the smallest value 
(highest constant c), confirming that MW and MS allow significant reduction of the viscosity 
even MS behaves slightly better than MW. 
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