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SUMMARY: In this work, as a case study, the measurement of the density (ρ) and the dynamic viscosity (µ) of 12 different fluids (taken 
from a conventional oil mill) has been carried out. The variability of the samples processed shows that their impurity contents c 
(between 0.5–5.87%), together with the temperature t (which varied between 20–30 ºC), can affect the values of ρ and µ. How-
ever, this variation has been shown to be different depending on the case, being of the order of 1% for density or even more than 50% for 
dynamic viscosity. The fact that µ can be sensitive to the presence of impurities opens up a line of study that could be used to estimate 
such impuritiy content, in real time, by means of relatively simple methods.
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RESUMEN: Influencia del contenido de impurezas sobre la densidad y viscosidad de fluidos oleosos. En este trabajo, como caso de 
estudio, se ha llevado a cabo la medida de la densidad (ρ) y de la viscosidad dinámica (µ) de 12 fluidos diferentes tomados de una alma-
zara convencional. La variabilidad de las muestras procesadas indica que el contenido de impurezas c (entre el 0,5%–5,87 %), junto con 
la temperatura t (que varió nominalmente entre 20 ºC–30 ºC), pueden afectar a los valores de ρ y µ. Sin embargo, esta variación se ha 
mostrado diferente dependiendo del caso, siendo del orden del 1 % para la densidad o incluso mayor del 50% para la viscosidad dinámica. 
El hecho de que µ pueda ser sensible a la presencia de impurezas abre una línea de estudio que podría ser aprovechada para estimar tal 
contenido de impurezas, en tiempo real, por medio de métodos relativamente sencillos.     
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1. INTRODUCTION

The production of olive oil requires a series of 
unit operations which, applied to the incoming raw 
olives, serve to obtain the final product. Focusing our 
attention on the intermediate and final stages of this 
process, it should be noted that the production fluids 
treated are usually accompanied by a series of unde-
sirable impurities (Dammak et al., 2015; Gila et al., 
2020) which must be separated from the main juice in 
order to obtain the desired EVOO (extra virgin olive 
oil). In this context, it is well-known (Hermoso et al., 
1996; Uceda et al., 2006) that currently, after milling 
and malaxation, a first centrifugation is often applied 
(with a horizontal centrifuge, usually called ‘decant-
er’). The result of this operation is an oily phase which 
still contains remnants of vegetation water and other 
substances such as pulp, olive stones and even yeasts. 
In order to eliminate these substances, it is also com-
mon to carry out other subsequent operations which 
finally allow the production of the EVOO. These op-
erations include sieving, a second centrifugation (with 
a vertical or “plate” separator), filtering and natural 
decantation (these last two operations are not always 
performed in the order indicated).

Taking into account the set of unit operations men-
tioned above, it is clear that, for their management, it 
may be of interest to know beforehand, among many 
other factors, the physical properties of the oily flu-
ids treated in the final stages of the process, since this 
knowledge could help to improve the yield and qual-
ity of the final product (Hermoso et al., 1996; Alba, 
2008). In this sense, it is noteworthy that there are 
several works that have addressed the study of prop-
erties such as the density and the viscosity of olive oil 
and its fatty acids (Cedeño et al., 1999; Bonnet et al., 
2011; Nierat et al., 2013; Gila, 2017), paying special 
attention to the variations that these properties can un-
dergo with temperature changes. In other works, the 
focus has been mainly on the search for robust models 
which could allow the estimation of such properties 
with different types of oils, including olive oil (Her-
schel, 1922; Fasina et al., 2006; Giap, 2010; Esteban 
et al., 2012; Sahasrabudhe et al., 2017). However, the 
presence of impurities and their influence on these 
parameters is an area of study that perhaps has not 
yet received enough attention (Gila, 2017), despite 
the fact that these substances can affect the quality 
and preservation of the EVOO, which may ultimately 
have a negative impact on its price. 

In the above context, this work is presented to 
treat (as a case study) the determination of the den-
sity (ρ) and the dynamic viscosity (µ), at different 
temperatures, of various oily fluids taken at different 
production stages, and campaign dates, from a con-
ventional oil mill. To this end, the content of impuri-
ties (c) present in these production fluids (non-final 
products) will be evaluated, and an attempt will be 
made to relate this content to the density and vis-
cosity variations observed. Likewise, the Newtonian 
nature of these intermediary products will also be 
analyzed to verify whether the impurities present in 
them could cause any change in this respect. This 
analysis will be made by means of inexpensive de-
vices that were designed and built in a laboratory. In 
addition, the effort developed in this work will try 
to elucidate whether the content of impurities, pres-
ent in any oily fluid, could be estimated by simpler 
and faster methods than those currently used, which 
could be of interest for future applications.

2. MATERIALS AND METHODS

2.1. Test samples

In this work, 12 oily samples (approximately 10 
l each) were collected between December 2019 and 
February 2020 from an olive oil mill (‘almazara’) 
located near Priego de Córdoba (Córdoba, Spain). 
Each of these samples had different characteristics 
and appearance (see Figure 1), mainly due to the 
date of collection and the point chosen for sampling. 
In summary, Table 1 shows some data of interest 
related to these samples. At this point, it should be 
noted that the production process carried out by the 
aforementioned ‘almazara’ was based on a ‘con-
tinuous conventional system’. In this system, each 
processing line uses (after cleaning, washing, mill-
ing and kneading) a two-way centrifugal decanter 
(‘horizontal centrifuge’) for solid-liquid separation, 
and a disc stack centrifuge (‘vertical centrifuge’) for 
liquid-liquid separation (Uceda et al., 2006). In ad-
dition, the oil must is not filtered, but it can be sieved 
after the decanter step and can be clarified (with dy-
namic settling tanks) after the vertical centrifuge.

2.2. Lab equipment

In order to conduct the necessary experiments, it 
was decided to build several tube viscometers (Stef-
fe, 1996), whose geometry is described in Figure 2.
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For manufacturing each viscometer, a calibrated 
plastic vessel was mainly required (to contain the 
fluid to be tested), as well as a transparent polyethyl-
ene tube (whose length and diameter were fixed by 
design to facilitate the development of laminar flow 
through the duct). The vessel utilized in each device 
had a capacity of one liter and it was marked with 
different reference lines to measure the fluid heads 
(h) reached inside it. The tube length (L) and the di-
ameter (D), selected to construct the viscometers, 
followed these combinations to modulate different 
flow rates, shear rates or shear stresses through-
out the experiments: L = 0.2 m, D = 4.07 mm; L = 0.4 
m, D = 4.07 mm; L = 1 m, D = 7.63 mm; L = 1,20 m, D 
= 3.87 mm and L = 1.60 m, D = 4.10 mm. The tube 
insertion length (δ) inside the vessel (see Figure 2) 
was 0.01 m in all cases.

In addition to the above, other auxiliary materials 
were needed to run the tests: two glass thermometers 
(to determine the fluid temperature at the viscome-
ter pipe ends) with a measuring range of -10 ºC to 
+60 ºC and with an accuracy of ±1 ºC; six laboratory 

Figure 1. Appearance of some sub-samples taken from the oily fluids available. 

Table 1. Sampling date, sampling point and origin (source) of the test samples

Sample Sampling Date Sampling Point - Source
M1 Dec 10th 2019 Sieve after Decanter – tree olives
M2 Dec 10th 2019 Sieve after Decanter – tree olives
M3 Jan 14th 2020 Sieve after Decanter – tree olives
M4 Jan 14th 2020 Vertical Centrifuge – tree olives
M5 Jan 30th 2020 Decanter directly – tree olives
M6 Jan 30th 2020 Vertical Centrifuge – tree olives
M7 Jan 30th 2020 Sieve after Decanter – tree and ground olives
M8 Jan 30th 2020 Sieve after Decanter – tree olives
M9 Feb 11th 2020 Sieve after Decanter – tree olives
M10 Feb 11th 2020 Sieve after Decanter – ground olives
M11 Feb 11th 2020 Sieve after Decanter – tree olives
M12 Feb 11th 2020 Vertical Centrifuge – tree olives

Figure 2. Scheme of a tube viscometer used in this study. 

graduated cylinders of 100 ml (with an accuracy of 
±1 ml), and five more of 250 ml (with an accuracy 
of ± 2 ml), to collect the volumes that would be use-
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ful for determining densities and flow rates; two lab-
oratory scales with accuracies of ±0.01 g and ±0.001 
g, respectively; a digital chronometer (with a resolu-
tion of 0.01 s); A centrifuge with adjustable tempera-
ture and speed controls (suitable for 50 ml test tubes 
from -9 ºC to +40 ºC, and from 200 rpm to 14000 
rpm, respectively); two refrigerating chambers (at 4.5 
ºC and 12 ºC) and a freezing chamber (at -18 ºC) for 
storing samples during testing; ice blocks, hot wa-
ter and 10-l buckets for rapid cooling (or heating) of 
oily samples by indirect contact; auxiliary bottles of 
1.5 l to contain samples if required; calibrated 50-ml 
tubes for centrifugal separation; pipettes and syring-
es for handling or transferring samples; a measuring 
tape (calibrated in millimetres) and various office 
supplies (scissors, adhesive tape, markers, etc.).

2.3. Viscosity and density tests of oily samples

The experiments in this section were performed 
using a viscometer with a tube length (L) of 0.4 m 
and a diameter (D) of 4.07 mm. Having made the 
above clarification, it should be noted that the orig-
inal samples (see section 2.1 and Table 1) were first 
homogenized by manual shaking and then divided 
into different 1.5-l auxiliary bottles to facilitate the 
tasks involved in the tests. The bottles were kept cold 
(at 4.5 ºC or -18 ºC, depending on the expected time 
before use) to avoid any microbiological activity 
(such as fermentation due to the presence of yeasts).

When it was convenient, one of the refrigerated 
bottles (at 4.5 ºC) was taken and tempered in the labo-
ratory (at 23 ºC) for (1 – 2) h. Bearing in mind that the 
fluid temperature in the tests had to be similar to that 
present in the industrial production of olive oil (of the 
order of 20 ºC − 30 ºC), each viscosity experiment was 
started when the sample temperature was approaching  
20 ºC. At that moment, the fluid was poured into the 
viscometer vessel (which was exposed to the atmo-
sphere) and, after its stabilization and its flow through 
the tube, it was collected for a given time in a lab cyl-
inder (placed in the lower part of the experimental 
setup, see Figure 2). Fluid volume (V), stored in the 
graduated cylinder, was also weighed with a laborato-
ry scale to estimate its density ρ, (Eq. 1)

  (Eq. 1)

where m was the mass linked to V. 

In addition, flow rate Q was estimated from V 
taking into account the time τ needed to collect such 
fluid volume (Eq. 2)

  (Eq. 2)

On the other hand, the fluid temperature was 
measured at two points (at the input and output ends 
of the viscometer pipe), and adjusted by indirect 
contact using hot or cold water before the fluid was 
poured into the viscometer vessel. The fluid height h 
inside the vessel (see Figure 2) was observed at the 
beginning and at the end of each test, and the mean 
of these measurements was taken as a representative 
value (usually in the range of 4 −6 cm). 

From the procedure described above, which was 
applied 144 times (12 tests, in the range of 20 ºC−30 
ºC, for each of the 12 types of fluid treated), and tak-
ing into account what it is described in section 2.2, 
the values ​​for dynamic viscosity µ were estimated 
from the following expression (Eq. 3), based on the 
Hagen-Poiseuille equation and on the energy equa-
tion (Singh and Heldman, 2009).

µ
∆ ρ δ

  (Eq. 3)

where ∆p = ρ g (h + L - δ) is the pressure loss be-
tween 1 and 2 (see Figure 2), g is the gravitational 
acceleration, and the other variables are those just 
indicated in this section and in paragraph 2.2. The 
use of Eq. 3, to estimate µ requires, in principle, 
the assumptions that the fluid tested is Newtonian, 
the kinetic heads are negligible and the flow is sta-
tionary and perfectly laminar throughout the entire 
length L. This last assumption implies that the ef-
fect of the inlet length and the local head losses at 
the pipe inlet can also be neglected. The accuracy 
of the previous approximations was analyzed for 
flows such as those treated here in Tirado (2020), 
where it was verified that for oily fluids at very 
low Reynolds numbers (of the order or less than 
10) such premises could be accepted. To minimise 
possible errors, it should also be noted that the val-
ues of ρ employed in Eq. 3, were obtained, in each 
case, from polynomial interpolation taking 12 pair 
of values (t, ρ) available as reference for each type 
of fluid from the experiments.    
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2.4. Impurity content tests

Considering as impurities, as a whole, all those 
remains of vegetation water, pulp, olive stone (and 
even yeasts) present in the EVOO, in this work 
this matter content was determined according to 
an alternative method (Vallesquino and Tirado, 
2023), different from the official one (IOC, 2019), 
in order to obtain sufficiently accurate results 
while simplifying the experimental procedure. 
Therefore, the impurity content c, expressed as a 
percentage of the volume of impurities  (Vimp) and 
the sample volume (Vsp) (Eq. 4):

  (Eq. 4)

could be estimated as follows: firstly, two samples 
(of around 40 ml) were taken from every type of 
fluid previously treated in the ‘viscosity and densi-
ty tests of oily samples’ (see section 2.3), and they 
were poured into two centrifuge tubes like those 
shown in Figure 1. These tubes were allowed to 
decant naturally in the laboratory, between (24 – 
48) h at 23 ºC, and then centrifuged at 3900 rpm 
for 12 min at 27 ºC. After that, the volume of im-
purities present in each sample was clearly visible 
(see the lower part of each tube in Figure 3, as 
an example), and this volume (in many cases very 
small) could be determined by applying the appro-
priate operations (Vallesquino and Tirado, 2023). 

The bulk density of the impurities was deter-
mined separately, with the aim of estimating a more 
representative value than that which could be ob-
tained from sub-samples like those shown in Figure 
3. With this in mind, and depending on the content 

of non-oily remains, among 2 − 4 samples of each 
type of fluid were randomly selected (from those 
collected in 1.5-l bottles, as described in section 2.3), 
and the impurities present in their bottoms were ex-
tracted. Such sediments were formed by gravitation-
al decantation until an effective separation between 
the substances could be visually verified. This task 
could take no less than (2–3) wk per sample, apply-
ing temperatures between 4.5 − 23 ºC to avoid un-
wanted fermentations. Next, the bottom content ex-
tracted from these samples was homogenized and 50 
ml were poured into one or two centrifuge tubes (de-
pending on the amount of impurities available) and 
centrifuged at 3900 rpm for 12 min at 27 ºC. Once 
this operation had been carried out, the appearance 
of the samples obtained was similar to that shown in 
Figure 3, but with a more abundant impurity phase 
(of the order of 30 ml), in which it was generally 
possible to observe vegetation water (about 55%) 
and insoluble solids (about 45%). The bulk density 
of each impurity sample could then be estimated by 
a simple fraction between the mass and the volume 
of the impurities (after carefully removing the resid-
ual oil that could be present in each tube).

2.5. Rheological tests of oily samples

These experiments were designed to verify 
whether the dynamic behavior of the fluids stud-
ied in this work was in accordance with Newton’s 
law of viscosity. Therefore, the relationship be-
tween σw (wall shear stress of the flow) and  
(wall shear rate) was analyzed. According to Stef-
fe (1996), σw can be expressed as follows (Eq. 5) 
for the laminar flow of a time-independent fluid 
through a cylindrical tube (Figure 2): 

Figure 3. Appearance of the sub-samples shown in Figure 1 after 24 h of natural decantation and further centrifugation at 3900 rpm for 
12 min at 27 ºC.
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σ
ρ δ   (Eq. 5)

For its part, the shear rate  depends on the flu-
id treated. However, this variable could be expressed 
as a function ‘f [ ]’ of this elemental ratio (γe) (Eq. 6):

  (Eq. 6)

which can be used in further analysis. 

Considering the above premises (together with 
the available resources), and trying to obtain an 
adequate set of pairs (γe, σw), it was considered ap-
propriate to use four of the viscometers already 
mentioned in section 2.2 in these tests. The di-
mensions of these devices were: L = 0.2 m, D 
= 4.07 mm; L = 1 m, D = 7.63 mm; L= 1.20 m, 
D = 3.87 mm and L= 1.60 m, D = 4.10 mm. In 
addition, four samples were tested with each of these 
viscometers: M1, M4, M7 and M10, chosen because 
they showed a representative variability in impurity 
content. In order to avoid unwanted fermentations 
(due to the racking, aeration and duration of these 
tests), about 3 l of each of these samples were 
pasteurized (at 80 ºC for 45 min). They were then 
cooled (at a temperature close to 23 ºC) and analyzed 
5 times with each of the viscometers cited above, 
following a procedure analogous to that described 
in section 2.3. Furthermore, it should  be noted that 
the data previously obtained from the unpasteurized 
samples (according to section 2.3) were used as con-
trol data for the corresponding comparisons.

3. RESULTS AND DISCUSSION

3.1. Impurity density and content

Table 2 shows the data related to the impurity 
content c, as well as the bulk density values (ρap) 
linked to them. From these data, it is worth noting 
that the minimum and maximum c values are of the 
order of 0.5% (sample M4) and 5.87% (sample M2), 
respectively. These data ​​can be considered normal 
when compared to those obtained by other authors 
(Hermoso et al. 1996; Uceda et al. 2006; Bejaoui 
et al., 2013; Dammak et al., 2015; Gila, 2017), who 
presented c results which varied from 1 to 15% for 
fluids taken from the decanter, and from 0.2 − 0.6% 

(Bejaoui et al., 2013; Dammak et al., 2015) for sam-
ples collected from the vertical centrifuge (note that 
samples M4, M6 and M12 came from the vertical 
centrifuge, and the other ones from the horizon-
tal decanter; see Table 1). The factors causing this 
variability (in this study and in those cited) can be 
diverse and they could have their roots in agronom-
ic and technological aspects (Hermoso et al., 1996, 
Uceda et al., 2006; Vallesquino and Tirado, 2023). 
Most likely, in the absence of more data, the lower 
c results (for the samples taken from the decanter 
in this study) could be related to longer residence 
times, higher processing temperatures and smaller 
outlet radii for the oily phase. In this context, sample 
M11 could be a representative example of these op-
erating conditions, as it appears to have been taken 
from a vertical centrifuge, but was actually collected 
from a decanter. 

Regarding the bulk density values (ρap) ​​presented 
in Table 2, it is noteworthy that they all fell within 
a range of 1080 kg/m3 − 1240 kg/m3. Attempting to 
compare these data with those of other studies, it is 
notorious that Gila (2017) points out that there are 
few references on this issue in the literature, placing 
ρap (through simulations) in a range of 1025 kg/m3 
to 1225 kg/m3. In Alba (2008), the density of oily 
wastewaters (alpechines) is set around 1050 kg/m3, 
and that of the pomace at 1200 kg/m3 (values ​​com-
patible with those presented here). 

It is also remarkable that ρap seems to be small-
er for the samples taken from the vertical centrifuge 

Table 2. Impurity content c (%) and impurity bulk density (ρap) of 
the samples treated.

Sample and Date c (%) ρap (kg / m3)

M1 - Dec 10th 2019 3.61 ± 0.11 1240 ± 8.2
M2 - Dec 10th 2019 5.87 ± 0.33 1167 ± 10.3
M3 - Jan 14th 2020 1.13 ± 0.13 1196 ± 7.5
M4 - Jan 14th 2020 0.50 ± 0.12 1108 
M5 - Jan 30th 2020 5.00 ± 0.18 1171 ± 12.5
M6 - Jan 30th 2020 1.14 ± 0.14 1089 ± 5.7
M7 - Jan 30th 2020 2.00 ± 0.20 1146 ± 9.1
M8 - Jan 30th 2020 4.05 ± 0.20 1168 ± 6.5
M9 - Feb 11th 2020 4.50 ± 0.24 1135 ± 9.7
M10 - Feb 11th 2020 5.38 ± 0.50 1080 ± 11.0
M11 - Feb 11th 2020 0.89 ± 0.14 1218 
M12 - Feb 11th 2020 1.27 ± 0.05 1126 ± 5.2 

The values shown are the mean ± SD of two replicates (for samples 
M4 and M11 ρap a single test was done in due to the impurity 
content available).
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(M4, M6 and M12) compared to those obtained from 
the decanter. This could make sense if one considers 
that, according to Stokes’s law (Mafart and Béliard, 
1994), the densest and largest particles are easier to 
separate from the liquid phase in the first centrifu-
gation (with the decanter). Similarly, although the 
number of data available is not large, the values for 
ρap in Table 2 seem to show a decreasing trend as 
the production campaign progresses. This could be 
related to the changing nature of the raw material 
(maturity stage) and could be analyzed from a great-
er number of samples in future works.

3.2. Rheological tests results

Figure 4 shows the data of the shear stress σw (see 
Eq. 5), as a function of the elemental ratio , ob-
tained from the rheological tests developed accord-
ing to section 2.5 (at laboratory temperature of 23 
ºC). The fluids treated in these experiments were: 
M1, M4, M7 and M10. It can be seen in Figure 4 that 
the relationship between σw and γe is linear, with zero 
ordinate at the origin. According to Steffe (1996), the 
data presented do not agree well with the Bingham 
or power law models, but they do with that expect-
ed for a Newtonian fluid. In such a case (Newtonian 
fluid), it could be stated directly (Eq. 7):

   (Eq. 7)

   (Eq. 8)

which implies that the shear rate  is directly equal 
to , and that the slope of the function  = 
f [γe] (see also Eq. (6)) corresponds to the dynamic 
viscosity (µ) of the fluids tested. In this scenario, it 
so happens that these fluids would have a µ value 
(at 23 ºC) that could be of the order of 0.07 Pa·s 
(sample M4) or 0.074 Pa·s (sample M10).

Other authors, like Fasina et al. (2006), Bonnet et 
al. (2011) or Gila (2017), have also found that olive 
oil (without impurities) shows a Newtonian behav-
ior, reporting values ​​for µ which are similar to those 
indicated here. This circumstance confirms that 
the moderate presence of impurities does not seem 
to affect the Newtonian nature of olive oil. On the 
other hand, it is worth noting that the pasteurization 

treatment does not seem to have any effect on the 
rheological behavior of the fluids analyzed, since the 
control samples (without heat treatment, see section 
2.3) have values ​​for µ that are equivalent to those of 
the pasteurized samples. This aspect can be observed 
in Figure 4, where the values for M1, M4, M7 and 
M10 (marked with ‘O’ symbol and taken from the 
control samples) are perfectly in line with the rest of 
the values (​​obtained from pasteurized samples).

Besides the former, the data presented in Fig-
ure 4 are not evenly distributed. This effect is due 
to the design of the viscometers used, which con-
ditions the values for γe that they can present. For 
instance, in those viscometers with D ≈ 4 mm, γe 
was in the range of 120 – 150 s-1, and the remaining 
γe values were related to the device with D = 7.63 
mm (including the singular point (0,0), explained 
by the fact that no fluid could be retained at the 
bottom end of the viscometer tube when it was 
finally emptied). Considering the results obtained 
in this study, it could be recommended for future 
works to follow an experimental design slightly 
different from the one treated here. In this regard, 
a better approach could be implemented by using 
a set of tube viscometers with a greater variety 
of tube diameters and fewer length options. Nev-
ertheless, the results shown in Figure 4 could be 
useful references for the olive oil industry, since 
γe (see Eq. 7) is usually less than 250 s-1 for oily 
flows of (1000 – 2000) l/h flowing through (3–5) 
cm diameter tubes (common operating values as-
sociated with decanters or vertical centrifuges).

0

5

10

15

20

0 50 100 150 200 250 300

ss w
(P
a)

gge (1/s)

M1-P

M4-P

M7-P

M10-P

NP

σw = 0.070·ge
R2 =0.998

σw = 0.074·ge
R2 =0.998

Figure 4. Relationship between γe (shear rate) and σw (shear stress) 
for some samples (M1, M4, M7 and M10) after pasteurization (-P) 

and without pasteurization (‘O’ symbol).
Each pair of values (γe, σw) was obtained for t = 23 ºC by polynomial 
interpolation from 5 replicates made at temperatures between (20 – 

25) ºC. The experimental error expected is of the order of 4.2%.
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3.3. Density and viscosity of the oily samples

Figure 5 presents the density values ​​(ρ) for all the 
samples tested. On the left side of this Figure, ρ is 
plotted as a function of the impurity content c (see 
Eq. 4), taken as reference, as a first approximation, 
only three temperature values (t = 20 ºC, t = 25 ºC 
and t = 30 ºC) to carry out a simpler analysis. On the 
right side of Figure 5,  ρ is shown according to the 
model results which will be presented later.

Observing the relationship between ρ, c, and t 
in the cited Figure, it is clear (despite the scatter) 
that the density showed a linear increasing trend as 
the impurity content increased. However, ρ tended 
to decrease as temperature t increased (at 30 ºC the 
values for ρ were, in general, smaller than at 25 or 
20 ºC). Likewise, the gap (separation) between the 
functions ρ = f(c) maintained a certain linearity (the 
ordinate at the origin and the slope of such functions 
grew linearly with t), which suggests that the general 
relationship between ρ, c and t could be of the form: 

ρ   (Eq. 9)

where a1, a2, a3 and a4 are fitting parameters. In the 
scientific literature, the density of different types of 
oils, including olive oil, is usually adjusted by means 
of linear functions that depend on temperature (Es-
teban et al., 2012; Gila, 2017). In addition, their re-
sulting values are similar to those presented here, 
taking into account that the oils treated in this study 
contained impurities. Considering the above, ρ data 
were fitted to Eq. (9) as follows:

ρ −  (Eq. 10)

where the determination coefficient (R2) was equiv-
alent to 0.402 and the residual mean square error 
(RMS) was of the order of 11.070 (kg/m3)2. 

Figure 5 (right side) presents the fluid density 
values ρest, estimated from Eq. (10), in comparison 
to those measured in the experiments (ρms). Except 
for the scale factor of this Figure, which in this case 
tends to exaggerate the magnitude of the deviations, 
the main trend established by Eq. (10) is in agreement 
with the experimental data. Moreover, Figure 5 shows 
that, in order to accurately take into account the ef-
fect of the impurity content on ρ, it is necessary to 
measure the fluid density with a lower tolerance (of 
the order of 0.1%), since the density variations are not 
very sensitive to changes in c values. In this respect, 
it should be noted that the data scatter shown in this 
Figure is the result of possible errors associated with 
the measurement of volumes using the materials men-
tioned in section 2.2. These errors are unlikely to be 
greater than ± 1.5%, but they are sufficient to produce 
a maximum deviation of ± 14 kg/m3, which is com-
patible with the RMS value just indicated.

Regarding the dynamic viscosity (µ), Figure 6 
presents the values ​​of µ in a similar way to that al-
ready performed with ρ. On the left side of such a 
Figure, three reference t values ​​have been taken to 
analyze the variation in µ with respect to the impu-
rity content c. It is observed, as in the case of ρ, that 

Figure 5. Relationship between the impurity content (c) and the density of oily fluids (ρ), at t temperatures of 20, 25 and 30 ºC (left side), 
and comparison between the estimated density (ρest) and the measured density (ρms) from the experiments (right side). 

Each ρ value, on the left side, was obtained by polynomial interpolation (at constant impurity content c) from 12 replicates made at 
different temperatures between (20 – 30) ºC. On the right side, each value for ρ was obtained from a single test, with R2 = 0.402 and 

(RMS)0.5 = 3.327 kg/m3.
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µ follows a linearly increasing trend with c, and a 
decreasing one (but not linear) with respect to t. On 
this occasion, the intercept and the slope of the 
fitting functions µ = f(c) do not vary linearly with t, 
which leads to the assumption that the possible rela-
tionship between µ, c and t could be of the type:

  (Eq. 11)

  (Eq. 12)

where b1, b2, b3, b4, and b5 are fitting parameters. 

According to several authors (Fasina et al. 2006; 
Esteban et al., 2012; Gila, 2017; Sahasrabudhe et al., 
2017), the viscosity of diverse oils (including olive 
oil) could be estimated from different models which, 
essentially, are based on the Arrhenius equation:

  (Eq. 13)

where A is an empirical parameter, Ea is the activa-
tion energy, R is the universal gas constant, and T 
is the absolute temperature. Taking into account the 
exponential nature of the previous model, and the 
development of Taylor’s series for any exponential 
function (Spiegel and Ribero, 1970):

  (Eq. 14)

it is obvious that Eq. (13) could be reformulated as a 
function such as:

  (Eq. 15)

which is directly related to the Slotte’s equation (Her-
schel, 1922). Note that, again, d1, d2, d3 … are fitting 
parameters. For short temperature ranges (as occur in 
this study), where the slope of the function µ = f (T) 
does not change excessively with temperature, it may 
be feasible to apply an expression like Eq. (15) by 
only using, as an approximation, two or three equa-
tion terms. Furthermore, if T is well above 273 K, 
Eq. (15) could even be adapted for Celsius degrees, 
achieving quite reasonable results (Vallesquino and 
Sánchez, 2023). Bearing in mind the above, µ data 
were adjusted for two models, such as those shown 
in Eqs. (11) and (12), in which the Celsius scale was 
used in the first one (Eq. 16) and the Kelvin scale was 
applied  in the second one (Eq. 17):

 (Eq. 16)

  
(Eq. 17)

On the right side of Figure 6, the values ​​for 
dynamic viscosity estimated by means of Eq. (17) 

Figure 6. Relationship between the impurity content (c) and the dynamic viscosity (m), at t temperatures of 20, 25 and 30 (left side), and 
comparison between the estimated viscosity (μest) and the measured viscosity (μms) from the experiments (right side).

Each µ value, on the left side, was obtained by polynomial interpolation (at constant impurity content c) from 12 replicates made at differ-
ent temperatures between (20 – 30) ºC. On the right side, each value of µ was obtained from a single test, with R2 = 0.987 and (RMS)0.5 = 

1.533·10-3 Pa·s.
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(µest) are plotted against those obtained from the ex-
periments (µms). It should be noted that, for the sake 
of clarity, the data related to Eq. 16 are not displayed 
in the Figure because they would overlap with those 
estimated from Eq. 17, (as can be inferred from R2 
and RMS values associated to these equations). 

On the other hand, it is also remarkable that the 
fitting accuracy of Eqs. 16 and 17 is higher than that 
of Eq. 10, (see also the right side of Figures 5 and 
6). This fact reveals that the dynamic viscosity of 
olive oil is a variable that is sensitive to variations in 
temperature (this is well-known), but it is sensitive, 
as well, to variations in the impurity content. This 
aspect is relevant because, similar to the approach 
presented by Vallesquino and Sánchez (2023), by 
combining expressions such as those established in 
Eqs. 3 and 16 (or in Eqs. 3 and 17) it could be possi-
ble to calibrate empirical functions (ψ) of the form:  

ψ ∆   (Eq. 18.a)

or  ψ ∆   (Eq. 18.b)

These ψ functions could, in the end, make it pos-
sible to estimate the impurity content c in real time 
(present in any oily must) if some simple sensors 
were installed on the production line. As an exam-
ple, if Eqs. 3 and 16 were considered in this case, Eq. 
18.a could be reformulated as:  

 (Eq. 19)

where c is obtained, as a percentage, from two plant 
design parameters (L and D, in m) and three process 
line variables like Q (flow rate, in m3/s), t (tempera-
ture, in ºC) and ∆p (pressure drop, in Pa). Although 
Eq. (19) is only valid, as a rough approximation, 
for certain operating conditions (related to some 
samples taken from a determinate conventional ol-
ive oil mill), this approach opens the possibility of 
studying similar models that could be applied in any 
‘almazara’, which could be of interest for the im-
provement of processes and products in the olive oil 
sector. In this regard, it should be pointed out that, 
in real manufacturing processes, knowledge of the 

impurity content in oily fluids could help to make 
appropriate decisions on factors such as the resi-
dence time of the processed fluids in decanters (or 
in vertical centrifuges) and the choice of the most 
suitable type of clarification to be applied after the 
second centrifugation.

4. CONCLUSIONS

As a case study, the density (ρ) and the dynamic 
viscosity (µ) of 12 different oily fluids (taken from 
a conventional mill) have been measured, verifying 
the variability that these physical properties may 
present as a function of temperature (t) and the im-
purity content (c) of the samples treated. 

In the case of ρ, its relationship with t and c has 
shown a linear trend, but this dependence is weak 
since large increases in temperature or impurity con-
tent are required for the density to vary significantly. 
In this work, it could serve as a reference that the den-
sity has experienced variations, of the order of less 
than 1%, when the temperature varied between 20−30 
ºC and the impurity content between 0.5−5.87 %.

Regarding dynamic viscosity, its dependence on 
t and c is of a different nature, as it can be quadratic 
for t and simply linear for c, in a context of Newto-
nian fluid behavior. The fact that the viscosity varies 
of the order of 50% or more, between 20 −30 ºC for 
a given value of c, allows one to confirm (as is usual 
for fluids) that µ strongly depends on t. In the case 
of the relationship between µ and c (for temperatures 
between 20 −30 ºC), it is notable that the dependence 
of µ on c is not so strong, but it is appreciable: when 
the impurity content varies from 0.5 to 5.87%, the 
dynamic viscosity of the oily fluids can reach varia-
tions of the order of 7 − 10% (much higher than that 
reported in the case of ρ). In this scenario, the rela-
tionship between µ and c could be used to determine 
the impurity content of a given oily fluid on line, 
(requiring only the implementation of some simple 
sensors on the process line), which could be used, 
ultimately, to improve the quality of the olive oil and 
its industrial process. 
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