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ABSTRACT: The rheological behavior of heavy oils is critical for oil exploitation in different stages, such as extraction,
transportation, and refining; during this process, the oil undergoes temperature changes that directly affect the viscosity. For light
oils, the viscosity decreases around 1 order of magnitude when the temperature increases 100 K, whereas for heavy oils, this
change could be of more than 3 orders of magnitude for the same temperature increment. Furthermore, the heavy oils exhibit a
viscoelastic behavior, usually characterized by a viscosity reduction with the increment in the shear rate, the presence of elasticity,
and time-dependent rheological behavior. As the temperature increases, the oils acquire a Newtonian behavior. This change is
illustrated with the rheological characterization of five heavy oils with an American Petroleum Institute (API) gravity around 12°,
different compositions, and zero-shear viscosity that varies up to 2 orders of magnitude among oils. The measurements were
carried out in a controlled stress rheometer using a 40 mm parallel plate geometry with a gap of 1 mm. The fluids were tested in
rotational and oscillatory modes at temperatures from 5 to 100 °C. In the oscillatory experiments, the loss and storage moduli,
associated with viscosity and elasticity, respectively, are presented. Above a transition temperature, not only does the viscosity
decrease but also the normal force and the elastic modulus tend to vanish, suggesting that the non-Newtonian behavior is also
strongly related to the temperature. Furthermore, the departure from linearity of the logarithm of zero-shear viscosity versus the
inverse of the temperature appears to correlate with the transition from non-Newtonian to Newtonian behavior.

1. INTRODUCTION

The variation of the viscosity with the temperature is one of the
most important parameters in the oil industry. This variation is
related to structural changes, such as asphaltene deposition and
wax aggregates, formed during cooling.1,2

Intermolecular interactions and structure are responsible for
the origin of viscosity and go from simply the area that
obstructs the kinematics (for diluted gases) to complex
molecular and intermolecular forces that depend upon the
chemical characteristics of the material.3 The simplest definition
for the viscosity of liquids is “the resistance to flow”,4 and then
it cannot be determined if “flow” is not presented, which
contradicts the dilute gas limit at which the viscosity does not
vanish. Even more, to have “flow”, a velocity field must be
implicit, with the associated stress field. The Newton law for
viscosity is given by the expression

τ ηγ= ̇ (1)

where η is the viscosity, τ is the shear stress, and γ ̇ is the shear
rate.4 This definition of the viscosity is a simplification that
considers a special case of flow: the flow between parallel plates
(shear flow). However, the complete description of viscous
behavior requires (1) the full stress tensor, which represents the
forces in the three-dimensional space, and (2) the velocity
gradient tensor, which represents the strain rate in the space.
These characteristics make the viscosity a “material function”,
meaning that the property cannot be described as scalar,
because it is not a “state function”. The isotropic pressure of a
fluid in static equilibrium, which is an example of a state
function, can be described in terms of density and temperature
but not the viscosity. To simplify this problem, under control

conditions, a simple shear geometry, such as parallel plates,
where the axial force is proportional to the shear stress and the
angular velocity is proportional to the shear rate, may allow for
the development of simple shear flow. Therefore, the system
reduces to the Newton law for viscosity. When the fluid is non-
Newtonian, the viscosity depends upon the shear rate and the
presence of normal stresses may also be observed. Then, the
equation of the viscosity is written as η = τ/γ,̇ where η is the
(shear) viscosity in steady simple shear flow. It is important to
mention that to have a reproducible measurement of the
viscosity, steady-state conditions should be reached to maintain
a constant velocity gradient. In the parallel plates geometry, the
first normal stress difference N1, which is related to elasticity,
can be measured by the force that the fluid exerts on the surface
of the plates. The presence of elasticity, however, could
drastically change the flow, even in an extremely simple context.
Figure 1 denotes the flow generated by a rotating disk in the

bottom of a tank. For a Newtonian fluid (pure glycerol), the
liquid is accelerated at the top of the disk and the liquid is
projected to the walls of the container, generating a downward
vortex. On the other hand, a non-Newtonian viscoelastic fluid,
consisting of a polymeric aqueous solution, exhibits the
opposite behavior. In this case, the elasticity of the material
promotes the presence of normal forces, which are larger at the
center of the disk, where the largest rate of shearing is located,
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generating an upward vortex. To visualize the flow streamlines,
some of the liquid is dyed with vegetable colorant and injected
to the setup of Figure 1, clearly denoting the different flow
behavior patterns between a Newtonian and non-Newtonian
fluid of about similar, otherwise, state properties.
Despite that the non-Newtonian and viscoelastic behavior of

heavy oils is well-known,1,5−11 experimental and modeling
efforts are not as extensive as for Newtonian fluids. The main
purpose of this work is to present the contribution of the
elasticity to the non-Newtonian fluid behavior of heavy oils and
its relation with the temperature and to attempt to determine a
pragmatic temperature point of transition from a viscoelastic
fluid behavior to a Newtonian fluid behavior.

2. EXPERIMENTAL SECTION
2.1. Materials and Oil Conditioning. Five stabilized Mexican

heavy oils from different regions of the country with an American
Petroleum Institute (API) gravity of around 12° but different chemical
structures and compositions were analyzed.12 The oils were degassed
and centrifuged at 2200 rpm, 45 °C, and up to 18 h, until most of the
water separated. The water content was estimated by Karl Fischer and
reported in Table 1. The wax appearance temperature (WAT) is also
reported in Table 1; it was obtained with the use of a cross-polar
microscope (accurate to ±1 °C). In addition, a standard silicon oil
provided by Aldrich (378402-1L) with a nominal viscosity of 10 000
mPa s at 25 °C is included in the study to present a fluid with a simple
rheology and compare such behavior to that exhibited by heavy oils. In
Table 1, the main properties of the oils are presented.
2.2. Rheological Analysis. The rheological measurements are

performed with an ARES G2 strain-controlled rheometer with
temperature control. Parallel plates (40 mm), with a 1 mm gap, are
selected to perform the shear flow and oscillatory experiments. For the
shear flow, the measurements are obtained in steady-state conditions
with the criteria that the viscosity value must remain constant (error <
1%) for every point. The normal force is measured by means of a force
transducer located at the upper plate; for this geometry, the lowest
reliable value of the first normal stress difference is 20 Pa. Even though
the rheometer is able to reach a shear rate up to 1200 s−1, the
condition of homogeneous flow is not satisfied at high shear rates and
most measurements were stopped at 100 s−1. In general, for viscous
materials, the inertial and elastic effects may result in the fluid coming
out of the measuring geometry space or starting to slip at the contact
surface.13 The same criterion is used for the oscillatory measurements

with the addition of staying within the viscoelastic linear regime. A
Stabinger viscometer (Anton-Paar) is used as a reference device to
calculate the density, the API gravity, and the viscosity of the oils. In
addition to the viscosity, the Stabinger viscometer also reports the
shear rate for the measured points; this point is referenced to the flow
curves of the Ares G2 rheometer to ensure full agreement between
both techniques. In some cases, boiling temperatures below 100 °C are
observed when density and viscosity abruptly drop with an increment
in the temperature during the Stabinger viscometer measurements.

3. RESULTS AND DISCUSSION
3.1. Temperature Dependence. In Table 1, it can be

observed that API is quite similar among the studied oils,
whereas the viscosity changes almost 5 times and the boiling at
atmospheric conditions may vary more than 30 °C. It is clear
that, in these cases, neither the molecular weight nor the API
gravity give a direct correlation to viscosity. To study this issue
further, rheological characterization and viscosity analysis are
presented. A thermorheological simple fluid allows for the use
of the superposition of the effects of the time and temperature,
which we can associate just to the increment in kinetic energy.
In simple fluids, other mechanisms, such as phase change,
structural rearrangement, and segregation, among other
phenomena, are not present. As mentioned before, to measure
the shear viscosity, a simple velocity gradient is required; in the
region of low shear rates, the fluids tend to behave as
Newtonian, and this defines the “zero-shear viscosity”.
The most commonly used model to correlate the temper-

ature dependence of the viscosity of a fluid is the Arrhenius
equation, η(T) = A exp[Ea/(RT)], in which η is the viscosity, T
is the absolute temperature, A is a material constant, Ea is the
fluid-dependent activation energy, and R is the universal gas
constant. This model, however, has been shown not to be
appropriate for some crude oils.11,14,15 Other models may
provide a more accurate representation, such as the Williams,
Landel, and Ferry (WLF) equation16,17

η ρ
η ρ

= = −
−

+ −

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

T
T

a
C T T

C T T
log log

( )
[ ( )]

r r

r
T

1 r

2 r (2)

where η, T, and ρ are, the viscosity, the absolute temperature,
and the density, respectively. The index “r” refers to a reference
state, and C1 and C2 are fitting constants. The change in the
product of the temperature times density is small and, thus,
often ignored (Tr ρr/Tρ ≈ 1). Typically, the reference state is
predetermined as the glass transition temperature;11,14,18

however, after Dobson,18,19 in this work, the reference
temperature was taken as an adjustable parameter.
The WLF and Arrhenius models where fitted to the zero-

shear viscosity by means of a nonlinear least-squares regression.
The WLF constants C1, C2, and Tr are presented in Table 2. In
Figure 2, the zero-shear viscosity dependence with the
temperature for silicon oil is presented, showing a good

Figure 1. Rotational flow around a disk in a (left) Newtonian fluid and
(right) non-Newtonian fluid.

Table 1. Properties of the Studied Fluids

oil API gravity (deg) Mw (g/mol) Tboilling (°C) WAT (°C) viscosity at 20 °C (Pa s) water content (wt %)

1 12.3 427.3 >100 36.7 50.1 0.10
2 12.2 418.5 >100 18.8 44.3 0.07
3 12.3 408.4 ∼80 42.7 29.8 1.41
4 12.1 409.1 ∼80 −10 20.0 0.20
5 12.4 398.1 ∼70 −10 13.6 0.12
silicon 28.8 >250 10.9
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correlation to the WLF equation. A comparison is also made
with the Arrhenius equation, which does not fit the data well at
high temperatures. In Figure 3, the zero-shear viscosity
dependence with the temperature for the five oils along with
the WLF model fits are presented.

According to the correlation coefficients (r2), in Table 2, the
WLF model delivers a good description of the zero-shear
viscosity as a function of the temperature for all of the studied
fluids. If the data are plotted in the form of log[η] against 1/T,
a departure from linearity is found (Figure 4), which indicates
that the fluid is not “thermorheological simple”. This departure

from linearity may be correlated to a transition temperature
from viscoelastic to viscous or from shear thinning to
Newtonian behavior. This departure may also indicate some
sort of molecular structuring or ordering under shear, as
observed by molecular simulations.20−22

A reasonable approximation for the transition temperature
appears to be the point of departure from a linear Arrhenius
model, as in Figure 4. This transition may be approximated by
the intersection between WLF and Arrhenius models, after
which the model differences become negligible. The estimated
transition temperatures T0 for the five oils studied in this work
are also reported in Table 2.

3.2. Simple Shear Flow. In Figures 5 and 6, the shear flow
viscosity and first normal stress difference as a function of the

temperature, for the oils 3 and 4, are presented. In both cases,
the viscosity and shear-thinning behavior decrease as the
temperature increases. At 40 °C, the normal stress cannot be
any further reliably measured, which indicates that the fluid
mainly behaves as a viscous material. That is, as long as no
shear thinning is observed, the fluid behaves as Newtonian
fluid, and this appears to be consistent with the suggested
transition temperature reported in Table 2.
Because of the high viscosity of oil 3, it is not possible to

reach higher shear rates for temperatures among 5 and 20 °C,
whereas for 40 and 60 °C, the viscosity remains almost

Table 2. Parameters of the WLF Model and Transition
Temperature (T0)

oil C1 C2 (K) Tr (K) correlation r2 T0 (K)

1 10.005 137.868 330.65 1.0000 307.59
2 9.972 138.102 330.47 1.0000 307.71
3 12.139 160.999 328.33 0.9999 308.51
4 10.710 150.655 323.67 1.0000 310.14
5 10.400 147.296 322.20 1.0000 310.53
silicon 12.083 181.677 319.23 0.9999 313.49

Figure 2. Viscosity of silicon oil as a function of the temperature. The
symbols correspond to the experimental points, and the curves
correspond to the () WLF model and (- - -) Arrhenius model. The
inset shows the model departure in the low-viscosity region.

Figure 3. Zero-shear viscosity as a function of the temperature for the
five heavy oils. The solid curves represent the WLF model fit, and the
symbols represent the experimental points: (●) oil 1, (■) oil 2, (◆)
oil 3, (▲) oil 4, and (▶) oil 5.

Figure 4. Identification of the transition temperature for oil 4 denoted
by the intersection between the () WLF model and (- - -) Arrhenius
linear model.

Figure 5. (Filled symbols) Shear viscosity and (open symbols) first
normal stress difference at steady state for oil 3 as a function of the
temperature: (● and ○) T = 5 °C, (■ and □) T = 10 °C, (◆ and ◇)
T = 15 °C, (▲ and △) T = 20 °C, (▶) T = 40 °C, and (◀) T = 60
°C.
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constant. The normal force increases as the shear rate increases
and decreases with the increment of the temperature.
Oil 4 has a lower viscosity than oil 3; then higher shear rates

can be reached; and a wider region of shear thinning can be
measured. It can be seen that, for 5 °C, the oil exhibits shear
thinning, and as long as the temperature increases, the shear
thinning moves to higher shear rates, until it vanishes for
temperatures near 40 °C, becoming the Newtonian fluid for the
measured shear rate studied in this work. The normal stress has
a similar behavior, with the particularity that, at 5 °C, the
normal stress reaches a plateau at a high shear rate, as predicted
by some authors.23 In both cases, the change from viscoelastic
to Newtonian appears to correlate reasonably well with the
“transition temperature”, as determined in the previous section.
It is worth mentioning that the viscosity drops 3 orders of
magnitude with the increment of the temperature of around 50
°C for both oils; the other oils present a similar behavior. It
should also be pointed out that, while the non-Newtonian
behavior shown by oil 3 is below the WAT, this is not the case
for oil 4, which indicates that non-Newtonian behavior is not
necessarily related to the crystallization of paraffinic wax. In
Table 3, the saturates, aromatics, resins, and asphaltenes

(SARA) analysis of the oils is presented. A relation between
viscosity and asphaltene content is evident; as the content of
asphaltenes increases, the viscosity also increases. This relation
will be further studied in forthcoming works.
In Figure 7, the shear flow viscosity and first normal stress

difference as a function of the temperature for silicon oil are
presented. Viscoelastic behavior appears at a high shear rate
with smaller values in normal stress than oils 3 and 4. This
means that silicon oil preferably behaves as a Newtonian fluid.
3.3. Small-Amplitude Oscillatory Flow. In contrast to

shear flow measurements, small-amplitude oscillatory experi-

ments preserve the structure of the fluid; i.e., the fluid does not
undergo a shear-flow-induced structural rearrangement.4,13,24

Some fluids present viscoelasticity, which clearly implies a dual
behavior, where the material exhibits a mix of liquid and solid-
like characteristics. In the oscillatory experiments, a stress is
applied and the response of the material is measured. From this
information, the loss and storage moduli are determined. The
first corresponds to the viscous part of the material considered
as the capacity to dissipate the applied energy, while the storage
modulus is related to the elastic part of the material. The
viscoelasticity depends upon the deformation rate; therefore, at
a low deformation rate, the materials behave like a liquid, and at
a high deformation rate, the materials behave like a solid. To
illustrate this idea, in Figure 8, the loss G″ and storage G′

moduli of oil 3 are depicted as a function of frequency at
different temperatures. The magnitude of the loss modulus is
higher than the magnitude of the storage modulus in all of the
cases. As the temperature increases, the magnitude of both
moduli decreases too. In Figure 9, the loss G″ and storage G′
moduli as a function of the frequency at different temperatures
for silicon oil are presented. It can be observed that G″ is much
bigger than G′, with the latter appearing at high shear rates.
This agrees with the rheology observed in Figure 7.
To quantify the viscoelasticy of the material, the angle

Figure 6. (Filled symbols) Shear viscosity and (open symbols) first
normal stress difference at steady state for oil 4 as a function of the
temperature: (● and ○) T = 5 °C, (■ and □) T = 10 °C, (◆ and ◇)
T = 15 °C, (▲ and △) T = 20 °C, (▶) T = 40 °C, and (◀) T = 60
°C.

Table 3. SARA Analysis of Oils

oil
saturates
(wt %)

aromatics
(wt %)

resins
(wt %)

asphaltenes
(wt %)

1 30.4 25.1 23.0 19.1
2 26.4 30.6 27.3 18.5
3 24.3 28.0 30.7 14.5
4 21.4 37.2 28.5 12.2
5 22.4 34.7 28.9 12.0

Figure 7. (Filled symbols) Shear viscosity and (open symbols) first
normal stress difference at steady state for silicon oil as a function of
the temperature: (● and ○) T = 5 °C, (■ and □) T = 10 °C, (◆ and
◇) T = 15 °C, (▲) T = 20 °C, (▶) T = 40 °C, and (◀) T = 60 °C.

Figure 8. (Filled symbols) Loss and (open symbols) storage moduli
for oil 3 at different temperatures: (● and ○) T = 5 °C, (■ and □) T
= 10 °C, (◆ and ◇) T = 15 °C, (▲ and △) T = 20 °C, and (▶ and
▷) T = 40 °C.
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is defined.4 The angle varies from 0 to 90 grads, which
corresponds from pure elastic to pure viscous behavior. In
Figure 10, the angle δ as a function of the frequency at different

temperatures for oil 3 is presented. As the frequency increases,
the angle decreases, which implies that the elastic modulus
contribution increases. With the increment of the temperature,
the angle increases; therefore, the viscous modulus dominates
and the non-Newtonian effect vanishes. It is clearly observed
that, at low frequency, for 40 °C, the angle has a value close to
90 grads.
In Figure 11, the angle δ as a function of the frequency at

different temperatures for silicon oil is presented. It is very clear
that the viscous effect governs over elastic behavior, because the
angle δ is practically 90 grads for all temperatures. A very slow
reduction of the angle can be observed for high frequencies.
In Figure 12, the angle δ dependence with the temperature

for the five oils is presented. The angles increase as the
temperature increases, which mean that the elastic part of the
oil vanishes with the temperature. Oil 1, which exhibits the
highest zero-shear viscosity in Table 1, reaches the lowest value
of the angle δ; oils 1 and 2 are the most viscoelastic oils. As

mentioned before, silicon oil is not a viscoelastic fluid and is
practically a pure viscous fluid, as clearly demonstrated in
Figures 11 and 12.
In the oscillatory experiments, an equivalent of the shear flow

viscosity is defined as16

η
ω

* = ′ + ″G G2 2

(3)

where η* is called the simple shear complex viscosity and ω is
the oscillation frequency. When both viscosities have the same
value, the fluid is rheologically simple and follows the Corx−
Merz rule;24 otherwise, the fluid tends to change its structure
under flow, creating or destroying the structure, and a
separation between viscosities is observed.
Figures 13, 14, and 15 show a comparison of both viscosities

for oil 3, oil 4, and silicon oil, respectively, at different
temperatures. Below the transition temperature, the fluids
develop a separation between both viscosities, which confirms
the suggested criterion for introducing a transition temperature;
the viscoelastic behavior of silicon oil is observed only at high
shear rates. For temperatures above the transition temperature,
the complex and shear viscosities closely match for all cases. As
long as the complex viscosity has a smaller magnitude than the
shear viscosity, the shear flow induces structure formation,

Figure 9. (Filled symbols) Loss and (open symbols) storage moduli
for silicon oil at different temperatures: (● and ○) T = 5 °C, (■ and
□) T = 10 °C, (◆ and ◇) T = 15 °C, (▲ and △) T = 20 °C, (▶ and
▷) T = 40 °C, and (◀ and ◁) T = 60 °C.

Figure 10. Angle δ as a function of the frequency for oil 3 at different
temperatures: (●) T = 5 °C, (■) T = 10 °C, (◆) T = 15 °C, (▲) T =
20 °C, and (▶) T = 40 °C.

Figure 11. Angle δ as a function of the frequency for silicon oil at
different temperatures: (●) T = 5 °C, (■) T = 10 °C, (◆) T = 15 °C,
(▲) T = 20 °C, and (▶) T = 40 °C.

Figure 12. Angle δ as a function of the temperature for the five oils at
a constant frequency (50 s−1) at different temperatures: (•) oil 1, (■)
oil 2, (◆) oil 3, (▲) oil 4, (▶) oil 5, and (◀) silicon oil.
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which may indicate the aggregation of some components of the
oils, such as asphaltenes or paraffin waxes.

4. CONCLUSION
The rheological properties of heavy oils are strongly related to
the temperature. Behavior changes appear to be identified by a
change of slope in the plot of log[viscosity] versus the inverse
of the temperature. A fluid, such as the silicon oil presented
here, whose structure does not undergo a significant change,
does not show this behavior. From the measured viscosity, it is
possible to identify a “transition temperature”, which is
associated with the transition from Newtonian to non-
Newtonian behavior as the temperature is lowered and the
fluid structure becomes stronger. Although the non-Newtonian
behavior may be enhanced by the crystallization of paraffin wax,
a fluid structural change rather than phase transition correlates
the phenomenon. This observation is corroborated by the
vanishing of the shear thinning effects and the decrease of the
normal stress with the increment of the temperature. The
small-amplitude oscillatory experiments confirm the previous
conclusion by the angle δ determined from the ratio between
the loss and storage moduli. Finally, an indication of the change
in the internal structure of the oils is observed by the
comparison of the shear and complex viscosities, clearly
indicating the flow complexity of heavy oils.
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