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Abstract. Waxy crude oil is a complex mixture of hydrocarbons consisting of paraffins, aromatics, naphthenes,
asphaltenes and resins. At low temperatures the solubility of high molecular weight components in the oil is decreased
and mainly the n-paraffins tend to precipitate as crystal structures. These crystals not only provide a non-Newtonian
behavior to the fluid but also tend to deposit in the inner surface of pipelines and are responsible for the gelation of the
oil when the flow is interrupted. Crystallization is the process where an ordered solid structure is formed from a
disordered phase. This process involves two main stages, namely nucleation and crystals growth. As paraffins
nucleation is a stochastic process, a supercooling is needed to the onset of this phenomenon. In other words, it could
be not possible to occur the precipitation of crystals exactly in the solid-liquid equilibrium thermodynamic
temperature, namely in petroleum area as Wax Appearance Temperature — WAT. Therefore, during the cooling it is
required that the fluid reaches a certain temperature, below the WAT, to initiate the nucleation process. The difference
between the WAT and the crystallization temperature is named as degree of supercooling. In this work the influence of
the cooling rate on the supercooling is investigated. The supercooling is related to mechanical properties of waxy
crude oils and to the morphology of wax crystals. The analysis is conducted by means of rheometric tests. It can be
anticipated that it is possible to associate the degree of supercooling with the mechanical properties and with the
crystal morphology of waxy oils.
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1. INTRODUCTION

Waxy crude oil is a complex mixture of hydrocarbons, heteroatoms (e.g. N, S, O) and inorganic components as salts,
sand and water (Zilio and Pinto, 2002; Vieira, 2008; Santos, 2009). More than 90% of the oil can be composed by
hydrocarbons (Zilio and Pinto, 2002) that can be divided in four major fractions: saturates, aromatics, resins and
asphaltenes (SARA) (Magbool et al., 2011; Oliveira et al., 2012; llyin et al., 2016). At high temperatures this mixture of
hydrocarbons is a solution in the liquid phase (the oil) (Venkatesan et al., 2005). At low temperatures the solubility of
high molecular weight components in the oil is decreased and mainly n-paraffins tend to precipitate as crystal
structures. These crystals not only provide a non-Newtonian behavior to the fluid (Marchesini et al., 2012; Andrade et
al., 2015b) with a variety of features as pseudoplasticity, elasticity and time-dependency (Ding et al., 2006; Tarcha et
al., 2015) but also tend to deposit in the inner surface of pipelines (Guozhong and Gang, 2010; Aiyejina et al., 2011)
and are responsible for the gelation of the oil when the flow is interrupted (Wardhaugh and Boger, 1987; Oliveira et al.,
2012). It is worth mentioning that only 2wt% of crystals is enough to gel waxy oils (Kané et al., 2003; Aiyejina et al.,
2011; Paso et al., 2014). As in many cases the subsea oil pipelines lay down over the ocean floor at temperature as low
as 4 °C, during the flow the oil loses heat to the surrounding water (Azevedo and Teixeira, 2003) and precipitation of
wax crystal becomes usual during transportation of crude oils in offshore productions. In this scenario, when the flow is
interrupted for pipeline maintenance, gelation takes place and pump pressures much larger than the usual steady-state
pressure are required to break down the gel structure and to start-up the flow (Jemmett et al., 2013; Mortazavi-Manesh
and Shaw, 2014). If the mechanical properties of the waxy crude oil at low temperatures were not very well determined
and the restart problem was not well calculated, such high pressures can lead to overestimation of pipe dimensions,
making the project unfeasible (Oliveira and Negrdo, 2015).

During the cooling of a waxy oil the paraffin solubility limit can be reached. In this point it is determined the
equilibrium solid-liquid thermodynamic temperature, namely in petroleum area as the Wax Appearance Temperature
(WAT) (Venkatesan et al., 2003). Many efforts have been made by researchers to modeling the solid-liquid
thermodynamic equilibrium and to determine the WAT of waxy oils (Pedersen et al., 1984, 1991; Won, 1989, 1986;
Hansen et al., 1988; Erickson et al., 1993; Zhou et al., 1996; Coutinho et al., 1996; Coutinho and Ruffier-Méray, 1997;
Coutinho, 1998; Chen and Zhao, 2006; Ghanaei et al., 2012; Zhao et al., 2014). The general solid-liquid equilibrium
equation is well established and is based in the thermodynamic condition that the fugacities of each component “i”” in
solution are identical in solid and liquid phases, resulting in the following equation (Prausnitz et al., 1986):
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where K is solid-liquid equilibrium constant, y; is the activity coefficient, V; is the volume of component “i”, S and
L superscripts indicate, respectively, the solid and liquid phase, AH{ and T are, respectively, the enthalpy and
temperature of fusion, AC;; is the difference between the heat capacities of the component “i” in the liquid and solid
states, R is the gas constant and T the equilibrium temperature.

Many assumptions have been made to determine the solid-liquid equilibrium of waxy oils. Some authors say that
AC;5=0 (Won, 1986; Erickson et al., 1993; Coutinho and Ruffier-Méray, 1997), and in some cases the decrease in
component volume due to phase transition is disregarded (Pedersen et al., 1991). The liquid phase is assumed in some
cases to be an ideal solution (7 =1) (Ghanaei et al., 2012) as well as the assumption that »° =1 is adopted by some
authors (Hansen et al., 1988). The regular solution is used in many works (Won, 1986, 1989; Pedersen et al., 1991,
Erickson et al., 1993; Chen and Zhao, 2006) to take the non-idealities of the liquid and solid phases into account.
Beyond that assumptions the liquid phase activity coefficient was also determined by Flory-Huggins model (Hansen et
al., 1988), by Flory free-volume equation added to a UNIFAC residual term (Coutinho and Stenby, 1996) and by Flory
free-volume model (Zhao et al., 2014). The solid phase non-ideality was also considered by Wilson equation (Coutinho
and Stenby, 1996) and by UNIQUAC model (Coutinho, 1998; Ghanaei et al., 2012; Zhao et al., 2014). Although some
models are better than others in many comparisons, there is not a model that is capable to predict the equilibrium
temperature of any waxy oils. The differences between experimental and calculated WAT are generally higher than 2 K
and the crystals mass fraction below the equilibrium temperature is qualitatively well represented.

The main idea of the thermodynamic equilibrium models is to determine the WAT and the solid mass fraction at low
temperatures. With such information it is possible to project all the equipment and the production and/or transportation
process, furthermore one can predict when the paraffin deposition or gelation becomes a real problem in the oil
pipelines.

On the other hand, the experimental methods to determine the WAT of waxy oil are not well consolidated.
Ranningsen et al. (1991) compared the three more usual methods namely microscopy, differential scanning calorimetry
and viscometry. The authors concluded that microscopy is the best method to determine the WAT. In contrast, Kok et
al. (1996), using the same three techniques, claimed that the best method to determine the wax appearance temperature
depends on the solution composition. Although in a recent work Marchesini et al. (2012) have made an interesting
discussion saying that the temperature determined by viscometry/rheometry was not the WAT — because when the first
crystal appears in the solution it is too small that does not change the oil viscosity — a key point has been forgotten or
neglected by many authors.

Crystallization is the process where an ordered solid structure is formed from a disordered phase. This process
involves two main stages, namely nucleation and crystals growth (Hammami and Raines, 1999). It is well known, at
least in the inorganic area, that as nucleation is a stochastic process a supercooling is needed to the onset of this
phenomenon (Stefanescu, 1988; Mullin, 2001; Nyvlt et al., 2001). In other words, it could not be possible the crystals
precipitation occurs exactly in the solid-liquid equilibrium thermodynamic temperature. Therefore, during the cooling it
is required that the solution reaches a certain temperature, below the WAT, to initiate the nucleation process. The
difference between the WAT and the crystallization temperature is called as degree of supercooling. Sloan and Koh
(2008) claim that entropy favors disorder over order, as to reach the equilibrium the entropy is maximized the
supersaturation is always required in any nucleation process.

Just few works on the petroleum area (Taggart et al., 1996; Bott, 1997; Coutinho and Ruffier-Méray, 1997; Jones,
2002; Azevedo and Teixeira, 2003) recognized the requirement of supercooling to the first crystal precipitation in
solution. Keeping the importance of the supersaturation in mind, Coutinho and Ruffier-Méray (1997) proposed that the
WAT must be determined during the heating of the oil promoting the dissolution of the crystals rather than its
crystallization, a well-established process in hydrates area (Sloan and Koh, 2008).

In the current work is not only proposed a discussion of the best way to determine experimentally the WAT, but also
determined the influence of the cooling rate on the supercooling. Lastly, by means of rheometry and microscopy tests, it
is shown how the supercooling affects the crystal morphology and the mechanical behavior of waxy oils.

2. MATERIALS AND METHODS

A Brazilian crude oil provided by Petrobras and a model waxy oil were used in the investigation. The model oil is
composed by 80wt% of a mineral oil (Sigma Aldrich 330779) and 20wt% of a paraffin wax with a melting point
specified by the manufacturer to be between 58 and 62 °C (Sigma Aldrich 327212). The normal alkane carbon
distribution of both mineral oil and paraffin wax ca be found elsewhere (Dimitriou, 2013). It was performed rheometric
tests by employing two rotational rheometers. TA DHR3 rotational rheometer was used to realize the crude oil tests.
This rheometer can measure a minimum torque of 5.10° Nm and these tests were performed by using a 40 mm diameter
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parallel-plate geometry with a gap of 1 mm and serrated surface to avoid wall slip (Dimitriou et al., 2011). The
temperature in the rheometer was controlled by a Peltier-thermostatic bath system. Haake Mars Ill (Haake Co.,
Germany) rotational rheometer, that can measure a minimum torque of 5.10° Nm, was used to perform the model waxy
oil experiments. The Rheoscope, a microscope system with a 20x Lens, 1 um resolution and Black-and-white
'progressive’ scan CCD camera, was coupled in the rheometer to get images of the crystals when the model waxy oil
was analyzed. A 60-mm-diameter cone-plate geometry, 1° angle, truncation of 0.105 mm, gap of 0.3 mm and polished
surface was used in the model oil tests to reflect the light and facilitate the microscope visualization. The experimental
procedure for rheological analysis is showed in Tab. 1.

Table 1. Experimental procedure for rheological analysis of the crude and model oils.

Material Analyzed Crude Oil Model Waxy Oil
Rheometer TA DHR3 Haake Mars 111
Serrated parallel-plates, . i
Rotor type 40 mm diameter, 65 ?\ﬁ\hg?afr?eﬁrpa{%e]l"
gap of 1 mm
Highest Temperature [°C] 75 80
Minimum temperature [°C] 4 35
Temperature rate, T , [K/min] 0.1,1.0,5.0,10.0 0.1,1.0

Static test Small Amplitude Oscillatory Test, o= 0.5 Hz, y, = 10

Dynamic test y=2s" 7=10s"

Analysis of the cooling rate influence on the gel strength at minimum temperature
120

50

Aging time, t,g, at minimum temperature [min]

Stress loading rate, 7, [Pa/min]

3. RESULTS AND DISCUSSION
3.1. Crude oil — Determination of the WAT

As discussed above there are many methods to determine the precipitation and dissolution of crystals in waxy oils.
Basically, these phenomena can be determined by means of microscope images, thermal analysis and rheometric tests.
Although the discussion in the current work is presented based on the rheological behavior of the waxy oil, the central
idea can be expanded to the other methods. Figure 1(a) presents the crude oil viscosity as a function of temperature
during a cooling following by a heating ramp with shear rate of 2 s and temperature rate of 1.0 K/min. At high
temperatures the crude oil shows the typical Arrhenius temperature dependence of Newtonian fluids as can be seen in
Fig. 1(b), that shows the same results as a functions of the inverse absolute temperature as proposed by some authors
(Renningsen et al., 1991; Webber, 1999; Marchesini et al., 2012).
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As presented by Marchesini et al. (2012) during the cooling of waxy oils the wax precipitation affects the oil
viscosity, in this point is determined the crystallization temperature, T., as presented in Fig. 1(a). It is worth
remembering that this is not the WAT, thermodynamic equilibrium solid-liquid temperature, because the supercooling
and, consequently, a metastable condition is always required to the first crystal precipitation. At the end of the cooling a
heating ramp was performed with the same T and . As can be seen in Fig. 1 during the heating the temperature that
the crystals do not affect the crude oil viscosity anymore, named dissolution temperature, Tq, is much higher than the
crystallization temperature.

As claimed by Hammami and Raines (1999) and explained by Sloan and Koh (2008), using the same rate of
temperature change, the superheating during dissolution is substantially lower than the supercooling during
crystallization, than one can conclude that T4 is closer to WAT than T.. Keeping this concept in mind, Taggart et al.
(1996) proposed an interesting method to accurately determine the WAT. The authors stated that T4 should be
determined using different heating rate, T , and then, using the tendency of the T x T4 curve, WAT is equal Ty to the
case where T =0 K/min. This analysis is presented in Fig. 2 using two temperature rate, to this crude oil the
WAT=33.7 °C. It is worth noting that even when T =0 K/min the crystallization do not tend to the dissolution
temperature. These results corroborate the idea that a metastable zone is always presented in any crystallization process.
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Figure 2. Crystallization and dissolution temperatures as a function of the temperature rate.

Temperature Rate [K/min]

3.2. Effect of the supercooling

The results presented in this current section were performed under a static cooling rate, the tests were repeated three
times to each experimental condition and all other parameters were maintained constant as presented in Tab. 1. Figure
3(a) shows the influence of the cooling rate on both crystallization and gelation temperatures, T; and T,. For these tests
the crystallization temperature is determined when the wax precipitation affects the dynamic moduli behavior and T is
the temperature in which G-G" crossover takes place as already explained elsewhere (Andrade et al., 2015b). The
points shown are average values and the error bars represent the maximum and minimum values in each test condition.
One can note that the higher the cooling rate the lower the crystallization temperature and consequently, defining the
supercooling as ATy, =T, —WAT , the higher the supercooling. A similar behavior is presented by the gelation
temperature. It is important to emphasize that T, varied from 19 to 9 °C when the cooling rate raised from 0.1 to 10
K/min.
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Figure 3. Influence of the cooling rate on the (a) crystallization and gelation temperatures and (b) dynamic moduli.
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After the cooling the specimen was aged during 2 hours; in a recent work (Andrade et al., 2015a) it was presented
that this is an enough time to material reach the fully structure state. Figure 3(b) presents the dynamic moduli measured
at 4 °C after the aging time. As can be seen, in all the cases G’ is in the same order of |G*| which indicates predominant
elastic behavior. It is showed that from 0.1 to 5 K/min the higher the T the lower the dynamic moduli and a surprising
behavior was presented to T =10 K/min in which the dynamic moduli are slightly higher than T =5 K/min.

The material yield stress was determined performing a stress loading rate test after the 2h aging time. Figure 4(a)
presents yield stress as a function of the cooling rate. One can see that the dynamic moduli and yield stress dependence
on the cooling rate are quite similar. In this last case, it can be concluded that the yield stress at 5 and 10 K/min
conditions are of the same order of magnitude.

Figure 4(b) shows more clearly the influence of the cooling rate on the supercooling, it can be seen that this relation
is roughly linear. In the open literature (Mullin, 2001; Nyvlt et al., 2001) it is claimed that the higher the supercooling
(in other words, the lower the crystallization temperature) the smaller the crystals length. Figure 5 shows the influence
of the supercooling on the yield stress, z, of this specific crude oil. One can see that 7, is inversely proportional to
supercooling as present by the trendline.
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Figure 4. (a) Yield stress as a function of the cooling rate and (b) relation between supercooling and cooling rate.
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Figure 5. Yield stress of the crude oil as function of the supercooling.

3.3. Model Waxy oil analysis

Some tests were performed with the model waxy oil to correlate the mechanical behavior to crystal morphology.
The model oil is transparent above the WAT and them it is possible to visualize the crystals using the Rheoscope
system. First of all, it were performed the same tests already discussed to show that the mechanical behavior of this
material is similar to the crude oil. Figure 6(a) shows the comparison between the mineral oil (330779) and the model
waxy oil viscosity as a function of temperature. As can be seen, as well as the crude oil, due to precipitation of crystals
in a certain temperature the model waxy oil viscosity diverges from the Newtonian behavior. The influence of the
cooling rate on the crystallization and dissolution temperatures is presented in Fig. 6 (b). Using the same methodology
showed in Section 3.1 the WAT=41.4 °C.

Static cooling with two different T were performed to visualize the influence of the supercooling on the crystal
length. Figure 7(a) and (b) present the crystals morphology after 2 h of aging time at 35 °C for, respectively, T =1.0 and
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0.1 K/min. One can see that in both case the crystals presents needle-like structure as reported by some authors
(Webber, 1999; Venkatesan et al., 2005; Dimitriou et al., 2011). In the first case, ATy, =0.9°C, crystal length, L., is the
order of 50 um and z= 80 Pa. In the last one, ATy, =0.9°C, L. is the order of 100 um and %= 150 Pa. It is possible to
conclude that, as already claimed above, the higher the supercooling the smaller the crystals and the lower the gel
strength. It is known that the action of the van der Walls forces is responsible for attractive interaction among the
crystals (Abdallah and Weiss, 2000; Lopes-da-Silva and Coutinho, 2007; Mendes, 2015) and that possibly the crystal
roughness interferes in the gel strength of waxy oils (Imai et al., 2001), but the knowledge of how and why the crystal
length affects the waxy oil gel strength needs to be improved.
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Figure 6. (a) Viscosity of the mineral oil and model waxy oil for T =0.1 and1.0 K/min as a function of temperature and
(b) Crystallization and dissolution temperatures as a function of the T . The WAT (at T =0 K/min) was 41.4 °C.

Figure 7. Wax crystals images after static cooling and 2 hour of aging time at 35 °C with (a) 1.0 and (b) 0.1 K/min.
4. CONCLUSIONS

Thermal history has a great influence on the gel strength of waxy crude oil at low temperatures. In the current work
it was analyzed the influence of the cooling rate on the gel strength of the material. The main results are summarized as:

1) During the cooling the crystallization does not occur exactly in the equilibrium thermodynamic temperature
(WAT). A supercooling is always required in any nucleation process.

2) The WAT, the material thermodynamic property, must be determined during the heating of the oil promoting
the dissolution of the crystals rather than its crystallization.

3) The metastable zone width depends on the test cooling rate. The higher the cooling rate the higher the
supercooling.

4) The higher the supercooling the smaller the crystals length, even after long aging time.

5) Itis possible to correlate the supercooling and the rheological properties of waxy oils.

6) The higher the supercooling the lower the material gel strength.
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