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Abstract
Viscosity as a function of shear rate and temperature can be modelled with a number of equations. 
Among them are power-law, Carreau, Cross, Arrhenius, etc. Each model has its own limitation, for 
which, under certain circumstance the models failed to provide an adequate observation of the fluid 
behaviours. The objectives of the current study are to evaluate the viscosity changes of vegetable oils, 
model viscosity with well-known rheological equations, and also to identify model limitation through 
graphical and numerical observations. Few food grade vegetable oils were subjected to viscometer 
measurements of viscosity at shear rate and temperature ranged from 3 to 100 rpm, and 40 to 100 
degree Celsius, respectively. Results have shown that vegetable oils behaved as pseudoplastic. Although 
none of these of models provide a complete representation of oils behaviour, some models’ constants 
could be used to explain the characteristic of the oils.  
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1. Introduction 
Viscosity study has been widely studied by 
scientists and engineers on various purposes. 
These include polymer science, heat transfer 
phenomena, petroleum reservoir development, 
coatings, scale modelling of magmatic intrusion, 
oil degradation, lubrication, etc. [1-5]. Viscosity 
is influenced by different factors, such as, 
additive, catalyst, temperature, shear rate, time, 
molecular weight, moisture, pressure, 
concentration, etc. Among these, temperature 
and shear rate are the most studied parameters.  

In general, viscosity is defined as the ratio 
of shear stress (force over cross section area) to 
the rate of deformation (the difference of 
velocity over a sheared distance), and is 
presented by: 

x
u    (1) 

where: , dynamic viscosity (Pa.s); , shear 
stress (N/m2); and xu / , rate of 
deformation or velocity gradient or better known 
as shear rate (1/s). This relation will gives 
constant viscosity, if shear stress is 
proportionally changed with velocity gradient. 
Fluid that follows this behaviour is termed as 
Newtonian fluid.

However, in the measurement of viscosity, 
an increase in shear stress leads to a greater 
portion increase in shear rate, and therefore, 
reducing viscosity value as indicated by 
viscometer. This phenomenon is known as 
shear-thinning behaviour. For inverse 
observation, it exhibits shear-thickening. In this 
study, the authors limit the following literature 
reviews to shear-thinning, which is the topic of 
the current study. 

Thus, in nature, Eq. 1 has failed to provide a 
good representation of real phenomena for all 
fluids. It indicates the presence of scientific gap 
for which new equation is needed. There were 
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numerous researchers responded to propose 
alternative equation. Among those equations are 
power-law, Cross, Carreau, Bingham, Herschel-
Bulkley, Casson, Sisko, etc. These equations are 
presented in sequence as followings [6, 7]: 
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where: PK  and HK , consistency index (Pa.sn);
CK , consistency index (Pa1/2.s); Pn  and Hn ,

flow behaviour index (dimensionless); , ,
viscosity at infinite-shear rate (Pa.s); ,o ,
viscosity at zero-shear rate (Pa.s); m  and N ,
constant (dimensionless); c  and c ,
characteristic relaxation time (s); o , yield 
stress-viscosity at initial flow condition (Pa.s); 
and , , Bingham plastic viscosity (Pa.s). 

From the many equations which relate 
viscosity as a function of shear rate, power-law, 
Cross, Carreau, and Herschel-Bulkley are the 
most commonly appeared in literatures. 
Particularly on power-law model, it is perhaps 
the most widely applied equation to many fields 
of research, which can be a result of its simple 
form of equation providing reasonable fitting, 
and also, a reasonable representation of equation 
constants in terms of degree of viscous and fluid 
flow behaviour. 

Apart from the effect of shear rate, viscosity 
is also highly influenced by the changes of fluid 
body temperature. Fluid viscosity as a function 
of temperature is normally found to have a good 
correlation between natural logarithmic of 
viscosity, and the reciprocal of absolute 
temperature. Thus, its relation is well 
represented by Arrhenius-type relationship [8], 
which has the following form of equation: 

RTE
T ae /

,    (8) 

where: T, , viscosity at infinite-temperature 
(Pa.s); aE , activation energy (N.m.mol-1); R ,
universal gas constant (N.m.K-1.mol-1); and T ,
absolute temperature (K). 

In addition to Arrhenius-type relationship, 
there are Fulcher and William-Landel-Ferry 
equations [9], as follows: 
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where: ,A  and ,B , constant (dimensionless and 
K, respectively); T , constant (K); , density 
of fluid (kg/m3); o , fluid density at reference 
temperature (kg/m3); oT , reference temperature 
(K); o , viscosity at reference temperature 
(Pa.s); 0

1c , constant (dimensionless); and 0
2c ,

constant (K).
The influence of either temperature or shear 

rate on viscosity is only the two of the many 
parameters involved. In the literature, there are 
numerous equations addressing either or a 
combination of parameters on viscosity, such as, 
shear-time, composition, moisture, pressure, oil 
degradation, molecular weight, density, etc [10-
18]. Since a complete understanding on these 
parameters is not part of the objective of this 
study, the current work is only limited to the 
effect of shear rate and temperature as an 
individual factor rather than a combination of 
both or other related parameters.  

Thus, the objectives of the current study are: 
(1) to evaluate the changes of viscosity on 
vegetable oils as a function of temperature and 
shear rate; (2) to model the vegetable viscosity 
data through some well-known rheological 
equations; and (3) to evaluate the viscosity 
properties of oils through the comparison of 
numerical data and graphical observation. Also, 
the validity of models’ constant will be justified 
of its usefulness as reliable indication on oils 
flow behaviour.   
2. Materials and Methods 
The food grade vegetable oils of coconut, olive, 
rice bran, and sesame used in this study were 
purchased from local market.  
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A Brookfield (Viscometer model DV-I+) 
rotational-type viscometer was used to measure 
the viscosity of oil samples. Before use, the 
viscometer (accuracy, ± 1% full-scale range; 
repeatability, 0.2% full-scale range) was 
calibrated with 4.7 cP Brookfield silicone 
viscosity standard. The viscosity of the oils was 
measured in triplicate at ten different shear rates. 
SP-18 spindle was operated at different speeds 
between 3 and 100 rpm. A temperature 
controller (temperature accuracy of ± 1%) was 
used to increase the temperature of the oil 
samples from 40 up to 100 oC with an increment 
of 10 oC. For each increment of 10 oC, the oil 
samples were left 15 minutes until steady-state 
heat transfer was achieved. 

Viscosity measurement begins by setting  
40 oC at temperature controller before assigning 
discrete rotational speed at viscometer meter, 
which was from the highest speed 100 rpm to 
the lowest 3 rpm. After viscosity measurement 
at ten discrete rotational speeds, an increase to 
50 oC was set and then, repeated steps of 
viscosity measurement at discrete rotational 
speeds from 100 to 3 rpm were followed. A 
similar step was repeated for other temperatures 
until 100 oC.

The viscosity value from viscometer was 
based on the built-in calculation as part of the 
physical rotational torque sensor. Shear stress 
and shear rate was calculated base on the 
respective equations [19]: 

hR
M

b
22   (11) 

N318.1   (12) 

where: M , torque (N.m); bR , radius of the 
spindle (m); h , height of the spindle (m); and 
N , rotational frequency of spindle (rpm). 

The shear rate dependence of vegetable oils 
was modelled with power-law, Cross, Carreau, 
and Herschel-Bulkley which is represented by 
Eqs. 2, 3, 4, and 6, respectively. Bingham 
equation was not used due to the nature of its 
equation unable to model shear-thinning 
behaviour. Sisko equation was more or less 
equivalent to Herschel-Bulkley and it has one 
constant less than Herschel-Bulkley. For this 
reason, it was not used in the modelling. 

The temperature dependence of oils was 
investigated with Arrhenius-type relationship, as 
presented in Eq. 8. Fulcher and William-Landel-

Ferry equations were not implemented due to 
unexplainable constant properties, and 
unavailable experimental data as require in the 
equation.

The data analysis was completed with 
Microsoft Excel for simple calculation and 
graphical preparation, and Mathematica for 
equation modelling. Based on limited timeframe, 
the equation fitting on experimental data was 
carried out at 50 and 90 oC for shear rate 
dependence equation, and 5 and 60 rpm for 
temperature dependence equation. 
3. Results and Discussion 
3.1. Shear rate dependence of oil viscosity 
Result shows a decreasing viscosity of all four 
oils as the shear rate increases. This flow 
behaviour is known as shear-thinning or better 
known as pseudoplastic. The reduction of 
viscosity is more apparent at the region of low 
shear rate, and followed by lesser influence of 
shear rate as the shear rate continue to increase 
to the high shear rate region. It is also noticed 
larger difference between oils viscosity at low 
shear rate region, and a convergent of their 
values was observed at high shear rate region, 
except for coconut oil. The convergent was 
observed greater at higher temperature (Figs. 1 
and 2). Among the four oils, olive was observed 
as the most viscous oil, in relative comparison to 
the other three oils. This was then followed by 
sesame, rice bran, and coconut oils. Moreover, 
the oils did not exhibit time dependence 
behaviour under the condition of experiment. 
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Fig. 1. Viscosity decreases with increasing shear 
rate at 50 degree Celsius 
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Fig. 2. Viscosity decreases with increasing shear 
rate at 90 degree Celsius 

3.2. Shear rate dependence of rheological 
models 

The rheological model as for power-law, Cross, 
Carreau, and Herschel-Bulkley, their usage are 
not limited to the summarization on viscosity 
measurement data. These equation constants in 
nature summarized the fluid flow properties, 
which can provide a good observation on 
existing behaviour within the range of 
experimental conduct, or even to provide an 
estimation/projection of unavailable/unreachable 
flow condition. Hence, this section is to address 
the usage of shear rate dependence equation 
constants to explain the oil properties. 
Comparison was carried between different 
rheological models, and reliability of the 
equation constants was validated with 
experimental results.  

From the models, viscous level of oils can 
be based on the consistency index from power-
law ( PK ) and Herschel-Bulkley ( HK ). From 
Table 1, the PK  values were in the following 
sequence: ( PK )Olive > ( PK )Sesame > ( PK )Rice_Bran
> ( PK )Coconut. This applies to temperatures at 50 
and 90 oC, and is in consistent observation with 
graphical presentation in Figs. 1 and 2. 
However, no reliable trend can be retrieved from 

HK  at both temperatures.  
For non-Newtonian level of fluid, it can be 

investigated through the flow behaviour index 
from power-law ( Pn ) and Herschel-Bulkley 
( Hn ). Table 1 shows the Pn  values in the 
following sequence: ( Pn )Rice_Bran > ( Pn )Coconut > 
( Pn )Sesame > ( Pn )Olive, at both temperatures. This 
result shows rice bran is the most Newtonian oil 

in comparison to the other three, and also, olive 
is relatively the most pseudoplastic oil. This 
trend is in consistent observation with the 
difference of viscosity value between 3 and 60 
rpm, except at 90 oC, which coconut was 
calculated as more Newtonian than rice bran. At 
90 oC, rpmrpm 603  was found as 2.1, 3.0, 8.4, 
and 13.6 mPa.s on coconut, rice bran, sesame, 
and olive, respectively. Again, no reliable trend 
can be observed from Herschel-Bulkley, in the 
case Hn  values. The m  and N  values, 
respectively, from Cross and Carreau were 
solely as exponential constant rather than any 
useful indication on Newtonian behaviour of 
fluid.
Table 1 Estimated power-law, Herschel-Bulkley, 

Cross, and Carreau equations constants at 
selected temperatures (50 and 90 oC) 

T (oC) A* B* C* D* 
Power-law        
50 PK 0.022 0.045 0.027 0.038 

Pn 0.93 0.85 0.97 0.87 
 R2 0.92 0.84 0.87 0.89 
90 PK 0.0087 0.031 0.012 0.022 

Pn 0.91 0.70 0.92 0.78 
 R2 0.96 0.97 0.87 0.97 
Herschel-Bulkley    
50 HK 0.023 -44 -383 -70 

Hn 0.93 1.0 1.0 1.0 
, -0.00076 44 383 70 

 R2 0.92 0.79 0.86 0.85 
90 HK -372 -144 -383 -112 

Hn 1.0 1.0 1.0 1.0 
, 372 144 383 112 

 R2 0.94 0.91 0.85 0.94 
Cross     
50 , 0.017 0.023 0.023 0.022 

,o 0.022 0.15 28 0.070 
c 0.11 0.97 3487 0.59 m 2.3 1.4 0.96 1.2 

 R2 1.00 1.00 0.98 1.00 
90 , 0.0057 0.0081 0.0086 0.0079 

,o 0.017 0.12 39 0.024 
c 1.5 -0.71 2185 0.22 

m 0.75 0.93 1.1 1.1 
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 R2 1.00 NA 0.99 1.00 
Carreau     
50 , 0.017 0.023 0.023 0.022 

,o 0.022 0.094 1.3 0.050 
c 0.11 0.71 138 0.44 

N 1.2 0.66 0.48 0.60 
 R2 1.00 1.00 0.98 1.00 
90 , 0.0056 0.0082 0.0086 0.0077 

,o 0.025 0.029 2.6 0.020 
c -7.8 0.26 166 0.25 

N 0.30 0.56 0.53 0.45 
  R2 1.00 1.00 0.99 1.00 

* A – coconut oil, B – olive oil, C – rice bran oil, D – 
sesame oil. 

Viscosity at infinite shear rate is represented 
by ,  values from Herschel-Bulkley, Cross, 
and Carreau. It was found that this value was 
approximately similar between Cross and 
Carreau. The average percentage of difference of 

,  value (50 and 90 oC) between Cross and 
Carreau was 0.88, 0.46, 0.00022, and 0.96 % of 
Cross ,  value (50 oC) for coconut, olive, rice 
bran, and sesame, respectively. However, ,
value from Herschel-Bulkley was largely 
deviated from Cross and Carreau estimations. 
Without any experimental data at infinite shear 
rate region, hence, the best way to evaluate is to 
calculate the percentage of difference between 
the ,  value that estimated from the model 
and the viscosity data that recorded at the 
highest shear rate (100 rpm) from the 
experiment. Result shows that all the ,
values from Cross and Carreau deviate less than 
6.4 % from experimental data, whereas for 
Herschel-Bulkley it deviates at least 100 % with 
7 out of 8 ,  values greater than respective 
viscosity at 100 rpm. Hence, it is justifiable that 
the estimated ,  value from Herschel-Bulkley 
is not reliable. Furthermore, the current study 
could also conclude that the ,  values 
estimated from Cross and Carreau equations are 
comparable and having a similar trend of those 
experimental viscosity value at 100 rpm for both 
50 oC (olive > rice bran > sesame > coconut) and 
90 oC (rice bran > olive > sesame > coconut), 
however, the reliability of estimation could not 

be justified due to the required extrapolation of 
viscosity value that is not within the 
experimental range. 

For oil that behaves as pseudoplastic fluid, 
at a very low shear rate region, viscosity always 
gives the highest value. This is the condition that 
is to determine whether or not the existence of 
yield stress. Zero-shear rate viscosity ( ,o ) is 
indeed can be estimated from the equation of 
Cross and Carreau. However, ,o  value varies 
from as low as 1 % to over 100 % for the 
percentage of difference between ( ,o )Cross and 
( ,o )Carreau, of Carreau estimation at zero-shear 
rate viscosity. Moreover, as showed in Fig. 3, 
alternatively, the zero-shear rate viscosity could 
further increase rather than levelling off before 
crossing y-axis as shear rate approaching zero 
value. Base on a limited available of 
experimental data at this very low region of 
shear rate, it is to say that the ,o  values 
estimated by Cross and Carreau could not be 
justified due to insufficient data to justify the 
start of levelling off region (Newtonian region). 
For this reason, Cross and Carreau models are 
not suitable in modelling oil viscosity at very 
low shear rate region which does not possess a 
relaxation time characteristic ( c  and c ).
Relaxation time is the time-lag before the fluid 
exhibiting shear-thinning behaviour, as shear 
rate continues to increase. 
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Fig. 3. Viscosity data of coconut oil at 50 oC
modelled data with Cross, Carreau, and power-

law model 
3.3. Temperature dependence of oil viscosity 
As shown in Figs. 4 and 5, the viscosity of oil 
decreases with increasing temperature. Similar 
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to the observation of shear rate, viscosity 
decreased at a greater rate in the region of lower 
temperature.   The  viscosity  rate  of   reduction 
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Fig. 4. Viscosity decreases with increasing 
temperature at 60 rpm 

gradually reduces to a smaller rate as the 
temperature continues to increase towards the 
high temperature region. Again, similar to that 
of shear rate observation, oils viscosity tends to 
converge as the temperature continue to 
increase, but not as apparent as that observe on 
shear rate dependence. The viscosity of oil was 
observed as most viscous on olive oil and then, 
followed by rice bran, sesame, and coconut oils, 
at 60 rpm. At 3 rpm, the sequence of relative 
comparison of viscous oil was similar to that of 
shear rate observation. 
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Fig. 5. Viscosity decreases with increasing 
temperature at 5 rpm 

3.4. Temperature dependence of rheological 
model 

In shear rate dependence study, shear-thinning 
behaviour was investigated from Pn  and Hn  of 
power-law and Herschel-Bulkley, respectively. 

Similarly, for temperature dependence study, 
viscosity-temperature behaviour can be assessed 
from activation energy ( aE ).  In a relative 
comparison, oil with the lowest aE  value is the 
least affected by the changes of temperature. At 
5 rpm, the aE  value for oils is in the following 
sequence: ( aE )Coconut > ( aE )Rice_Bran > ( aE )Sesame
> ( aE )Olive, whereas at 60 rpm, the aE  value is: 
( aE )Coconut > ( aE )Rice Bran > ( aE )Olive > ( aE )Sesame
(Table 2). In order to validate this observation, 
the difference of viscosity between viscosity at 
50 and 100 oC ( Co10050 ) was calculated for 
both 5 and 60 rpm. At 5 rpm, the following 
sequence was found: ( Co10050 )Sesame > 
( Co10050 )Olive > ( Co10050 )Rice_Bran > 
( Co10050 )Coconut, whereas at 60 rpm, 
( Co10050 )Olive > ( Co10050 )Rice_Bran > 
( Co10050 )Sesame > ( Co10050 )Coconut. The 
experimental result indicates coconut oil 
viscosity is the least affected by temperature at 
both shear rates, in addition to an opposite 
behaviour for sesame and olive oils at respective 
5 and 60 rpm. This result shows an 
inconsistency from the trend of aE  value and 
therefore, Arrhenius-type relationship is unable 
to provide a reliable observation on the 
sensitivity of oil viscosity on temperature 
changes, in the relative comparison of the 
different oils.

Similar to Cross, Carreau, and Herschel-
Bulkley, Arrhenius-type relationship is also able 
to estimate viscosity at infinite condition, as in 
this case it is at infinite temperature. The 
estimated T,  value at 5 rpm is in this sequence: 
( T, )Olive > ( T, )Sesame > ( T, )Rice_Bran > 
( T, )Coconut, whereas at 60 rpm, the sequence is 
as follows: ( T, )Sesame > ( T, )Olive > 
( T, )Rice_Bran > ( T, )Coconut. This trend is 
identical to that of experimental viscosity data at 
100 oC for both 5 and 60 rpm. With the viscosity 
data that is limited to the highest at 100 oC, the 
current study is unable to justify the reliability of 
viscosity at infinite temperature due to the 
required extrapolation of viscosity value that is 
not within the experimental range.  
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Table 2 Estimated Arrhenius-type relationship 
equation constants at selected rotational speeds (5 

and 60 rpm) 

Oil type 
Speed 
(rpm) aE T, R2

Coconut 5 24251 2.45E-06 1.00 
 60 25267 1.38E-06 1.00 
Olive 5 16825 6.61E-05 0.98 
 60 23970 3.19E-06 1.00 

5 22357 6.21E-06 0.99 Rice
Bran 60 24483 2.58E-06 1.00 
Sesame 5 17765 3.95E-05 0.99 
  60 23520 3.51E-06 1.00 

4. Conclusions 
For all the investigated oils, it was found that 
temperature has a greater influence on the 
reduction of viscosity than shear rate. The 
vegetable oils exhibit non-Newtonian behaviour 
by showing a shear-thinning relationship 
between viscosity and shear rate, which is better 
known as pseudoplastic behaviour. The shear 
rate dependence and temperature dependence of 
rheological models gave a good fitting on 
experimental data with R-squared value range 
from 0.84 to 1.00.  

The estimated value from the model 
constants were further categorized into those of 
reliable, unreliable, and those of unjustifiable 
validity of the model constant value. Reliable 
means the model constant that was validated 
with observed experimental data. The 
unjustifiable validity means insufficient of 
experimental data to make any justification, due 
to model that estimating extreme condition such 
as those at infinite-shear rate, zero-shear rate or 
infinite-temperature viscosity. Table 3 indicates 
the final conclusion of the assessment. 

This assessment is strictly based on the 
following conditions: 

four vegetable oils that were coconut, 
olive, rice bran, and sesame oils;  
a Brookfield viscometer model DV-I+;  
rotational spindle SP-18;  
temperature range 40-100 oC with an 
increment of 10 oC for each step size; 
shear rate range 3.9-131.6 s-1 (3, 5, 6, 
10, 30, 50, 60, and 100 rpm); 
shear rate dependence modelled at 50 
and 90 oC; and
temperature dependence modelled at 5 
and 60 rpm. 

Table 3 Rheological model constant reliability  
Constants Reliable Unreliable Unjustifiable 
Power-law   

PK X   
Pn  X  

Herschel-Bulkley  
HK  X  

Hn  X  
,  X  

Cross    
,   X 
,o   X 

c   X m  X  
Carreau    

,   X 
,o   X 

c   X 
N  X  

Arrhenius-type relationship  
aE  X  

T,   X 
“X” indicates the assessed result based on the current 
experiment constraints. 
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