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Abstract: In the oil and gas industry, wax formation and deposition are common problems, par-
ticularly during production and transportation. To better understand the expected behaviour of a
given waxy crude oil and consequently select the best solution to prevent wax deposition, it is vital
to conduct laboratory tests or numerical simulations to model its performance. For a Brazilian oil
field, the phase behaviour of 17 crude oils was modelled using Multiflash software. To tune the
model, laboratory tests were used, including true boiling point curves and viscosity tests. This study
followed two stages: the first allowed characterization of the wax appearance temperature (WAT) and
determination of the expected precipitation curves for these crude samples, and the second stage was
evaluation of the impact on wax precipitation after the addition of methane (CHy), carbon dioxide
(COy,) or fatty acid (CH3(CH;,)nCOOH). Results showed that WAT varied between 47.5 °C and 51.6 °C
for these crude oil samples at atmospheric pressure, considering the differential scanning calorimetry
(DSC) method. Furthermore, the percentage of wax mass formed varied between 13.3% and 18.3%.
By adding the aforementioned chemicals as an inhibitor, it is possible to observe a reduction in
the paraffin precipitation tendency. Inhibition was compared in terms of effectiveness between the
chemicals studied, and it was concluded that adding myristic acid (C14:0), oleic acid (C18:1), palmitic
acid (C16:0), or lauric acid (C12:0) was the most effective in reducing the WAT value. In fact, when
adding 25% mole fraction, CH4 and CO, can reduce the WAT value by up to 4%, but the results are
strongly dependent on the fluid pressure. Myristic acid was the most effective in reducing the WAT
value by up to 5%, and the results were less pressure dependent.

Keywords: true boiling point (TBP) curve; waxy crude oils; fatty acids; wax appearance temperature
(WAT)

1. Introduction
1.1. Framework and Motivation

Wax deposition is a frequent problem in the oil and gas industry [1-3]. Waxes naturally
occurring in crude oils are mainly composed of normal paraffin, also known as alkanes.
Isomers and cycloparaffins can also be present [4,5]. Due to changes in temperature and
pressure, when crude oil flows out of the reservoir, the paraffin dissolved in fluid at
reservoir conditions may crystallize as a waxy solid phase. Paraffin precipitation occurs
when the fluid temperature drops, and the solvent loses its ability to bind a solution [6].

These waxes build up on oilfield infrastructure, reducing operating efficiency through-
out the infrastructure’s productive life. Any surface where crude oil flows, such as a sucker
rod, tubing, pump, production facilities, flowlines or pipelines, may become covered with
paraffinic crystals that precipitate out of the bulk [7-9].

When waxes precipitate out of the crude oil bulk, the various solid fractions do not
combine to form a solid solution. Instead, they separately solidify to create what is known
as a multi-solid phase. The amount of wax that precipitates is a function of the fluid
temperature. Therefore, the wax precipitation curve characterizes the wax content available
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in crude oil. The highest temperature in a wax precipitation curve corresponds to the
wax appearance temperature, at which the wax component crystalises due to crude oil
cooling. The precipitation curve often exhibits an asymptotic tendency at low temperatures,
corresponding to the wax content. Standards like UOP46-64 or UOP46-85 can be used to
measure the total wax content of an oil. Figure 1 represents a typical wax precipitation
curve, where the WAT and wax content are identified.

wax content

Wax mass % of the fluid '

WAT

Temperature

Figure 1. Typical wax precipitation curve.

Waxes are saturated hydrocarbons that can precipitate out of the bulk if the tempera-
ture is below a specific value, termed wax temperature appearance (WAT), and frequently
described as the cloud point. WAT is one of the most significant indicators for determining
the wax precipitation potential of crude oil, and it defines the temperature at which cooling
results in the appearance of cloudiness [10]. When the temperature reaches this level, wax
molecules start to precipitate and emerge in the fluid. Wax is not expected to precipitate if
the operating temperature exceeds the cloud point.

Even though WAT measurements have become more accurate recently, measuring
them correctly is still challenging. The experimental values can vary when using different
methods [11], which means that the cloud point measurements utilized in the industry
are often insufficient to characterize the precipitation onset. Since they depend on visual
inspection of the wax crystals, the cloud point measuring procedures (ASTM D2500-88
or IP 219/82) are only appropriate for translucid crude oils [12]. Viscometry, differential
scanning calorimetry (DSC), cross polar microscopy (CPM), light transmittance (LT), cold
finger (CF), Fourier transform (FT-IR), and filter plugging (FP) are used to determine WAT
for black oils [10]. Depending on the detectability criteria, different WAT values can be
determined according to the experimental technique used. Viscometry, DSC, and CPM are
frequently employed methods to quantify the WAT [13,14].

Wax content in crude oils can reach 32.5% globally [5]. If the crude oil’s wax concentra-
tion is low to moderate, which means that the wax content ranges between 0% and 10%, the
wax-related problems are sporadic, and they are solved as needed [15] using the mitigation
methods described by Sousa et al. [16]. If the wax content exceeds 10%, it causes severe
flow issues due to wax deposition and demands ongoing treatment to ensure continuing
production [15]. The wax content range that can cause flow assurance problems is not
universally accepted, though. For instance, Huang et al. claim that crude oils with a WAT
greater than the subseafloor temperature, typically approximately 4 °C, and a wax content
of 2% (which is relatively low) can cause wax deposition issues [17]. Nevertheless, this
problem can also occur in onshore fields [18], with a high economic impact [19].

Wax deposition can be prevented or remediated using a variety of approaches, such
as mechanical removal, adding wax inhibitors, heating (hot flooding treatments), thermal
isolation, wax-repellent surfaces, biological treatments, pipe-in-pipe, and cold flow [16,20].
In their maintenance program routine, companies have planned interventions to deal with
paraffinic crude oils [21].
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Predicting the wax appearance temperature and precipitation curve is crucial to
properly understand the problem and propose the best solution to avoid paraffin deposi-
tion [22-24].

This research enabled comprehension of the phase behaviour of 17 crude oils, pro-
viding a broad overview of their physical characteristics. The pseudo-compounds were
determined by Multiflash software, tuned with laboratory experiments, such as true boiling
point curves and viscosity tests. These waxy crude oils were evaluated according to their
precipitation curves and the wax appearance temperatures. After carrying out a global
characterization of these crudes, wax inhibitors were added to determine which was more
efficient. The main innovation of this work is to understand how methane (CHy), carbon
dioxide (COy) or fatty acids (CH3(CH;),COOH) affect the wax precipitation.

1.2. The Impact of Adding Methane, Carbon Dioxide and Fatty Acids to Waxy Crude Oils

This subsection summarises the results obtained in the literature review related to
the use of methane (CHy), carbon dioxide (CO;) or fatty acids (CH3(CH;),COOH) as flow
improvers or as chemicals that inhibit wax deposition.

1.2.1. Methane (CHy)

When reservoirs are depleted, solid precipitation from crude oils poses a severe
concern for the oil industry. Wax particles found in crude oil, which have a high molecular
weight, can precipitate. Injecting gas into the reservoir will increase the reservoir pressure,
displace oil, or even vaporize the intermediate fractions of oil, enhancing the oil recovery.
Once reservoir oil contacts the injected gas, it can increase the heavy fractions, precipitating
the waxes [25]. However, this observation is not consensual. In fact, Vieira et al. evaluated
how different gases affected the precipitation of wax crystals for different pressures (1.01,
50, 100, 150 and 200 bar) [26]. The composition of these four gases is presented in Table 1.

Table 1. Gas composition used in the laboratory tests developed by Vieira et al. [26].

Compounds Gas 1 (%) Gas 2 (%) Gas 3 (%) Gas 4 (%)
nitrogen 99.996 - 0.500 0.560
carbon dioxide - - 0.400 0.620
methane - 99.995 86.940 66.620
ethane - - 10.000 13.910
propane - - 2.000 11.330
isobutene - - 0.050 2.820
n-butane - - 0.040 4.080
isopentane - - 0.030 0.030
n-pentane - - 0.020 0.030

n-hexane - - 0.020 -

The results showed that methane pressurization causes a WAT decrease, whereas
nitrogen pressurization raises the WAT value [26]. However, Gas 4 showed the greatest
reduction in WAT, indicating that propane and butane have the greatest ability to dissolve
waxes [26].

Derakhshan and Shariati predicted the wax precipitation temperature in petroleum
reservoirs upon methane injection [25]. The equilibrium compositions of the oil samples
and the methane were calculated using material balance and flash calculations [25]. A
modified multi-solid-wax model was employed to investigate the impact of crude oil
compositions on the wax appearance temperature. The Peng-Robinson equation of state
described the liquid and vapour phases. WAT significantly changed due to the alteration of
fluid composition changes caused by methane injection [25].



Energies 2023, 16, 406

4 of 24

Stock tank oil is frequently used in studies on wax precipitation. However, precipita-
tion may differ significantly in the tubing or flowline because of pressure and composition.
For instance, the solubility of light hydrocarbons in the oil may cause the wax appearance
temperature to drop due to the composition effect [27]. According to Pan et al., from
atmospheric pressure to a saturation pressure of 100 bar, WAT may drop by as much as
15K [27].

Even though the current investigation focuses on dead oil samples, it is essential
to consider how methane injection may also affect wax deposition in a gas reservoir.
There are situations in which, in the initial conditions of the reservoir, the fluid is at
high pressure and temperature in the form of gas. As the fluid is produced, the pressure
decreases, and condensation begins to occur, which means that a part of the gas liquefies. As
production continues, the pressure will continue to decrease until the liquefied gas changes
to gas, called retrograde condensation. Retrograde condensation may occasionally produce
heavy organic deposition for methane-rich fluids, even for fluids with minimal heavy
component amounts [28]. As a result, wax appearance temperature may rise due to gas
depressurization [28,29]. To generalize measurements made on stock tank oils to live oils,
one must understand the effects of pressure and gas dissolution on phase behaviour [28].
To investigate this phenomenon, Pauly et al. suggested that wax appearance temperature
be determined under high pressure for different fluid types, spanning from condensates
to heavy crude oils [28]. They employed synthetic waxes with an odd number of carbon
atoms in their study to investigate the effect of methane dissolution. Many prior studies
used mixtures composed of methane and paraffin with an even number of carbon atoms
(n-hexadecane [30], n-eicosane [31,32], tetracosane [33] and triacontane [34]). However,
Pauly et al. concluded that the phase diagram obtained with the system composed of
methane and heptadecane was similar to those obtained with an even number of carbon
atoms [28].

1.2.2. Carbon Dioxide (CO5)

Wax deposition inhibition methods and treatments can be held in various procedures,
one of which is adding chemicals [16]. There are several ways that carbon dioxide and
oil constituents might interact [35]. In particular, it is well known that injection of carbon
dioxide causes precipitation of asphaltene. Enhanced oil recovery by carbon dioxide
flooding is more successful for recovery in non-asphaltenic oil than in asphaltenic oil [36].

Hosseinipour et al. investigated the impact of CO; on wax precipitation [37]. In
that study, the wax formation likelihood of crude oils from Sudanese and Malaysian oil
was examined when injecting CO,. Differential scanning calorimetry (DSC) was used to
determine the WAT values. The findings indicated that CO, injection lowered the crude
oil’'s WAT, and the magnitude of its impact depends on the pressure of CO, gas injec-
tion [37]. Such a conclusion supports the notion that CO, might prevent wax deposition.
Furthermore, this solution has a double benefit since it allows carbon storage, decreasing
the amount of CO; released into the atmosphere [38].

The impact of carbon dioxide on heavy crude oil has been researched by Hu et al. [39].
Their study demonstrated that crude oil saturated with CO, significantly reduces its
viscosity at a specific temperature and pressure.

1.2.3. Fatty Acids

One of the most common techniques used in the oil and gas industry to prevent wax
deposition is the addition of chemical inhibitors [16,40]. In the 1980s, the first generation
of wax inhibitors was polymer-based, followed in the 1990s by biosurfactants. Since most
wax inhibitors have several drawbacks, including their high cost and potentially damaging
environmental effects, green wax-inhibiting agents have recently been used to prevent wax
deposition. This section will describe how fatty acids (CH3(CH,),COOH) have been used
in the oil and gas industry. These organic compounds are environmentally friendly and can
easily be found in biomass. However, it is important to emphasize that these fatty acids,
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used as flow improvers, must be obtained from non-edible vegetables or waste residues.
In this way, it is guaranteed that its production will not compete with the food industry.
In fact, wax inhibitors made from plants or agricultural products are currently receiving
more interest from researchers worldwide. Fatty acids behave as an active component in
inhibiting wax deposition [41,42]. The significant advantage of using fatty acids rather than
other chemicals is that it is easier to remediate the contaminated groundwater [41].

Natural plant-based inhibitors used to reduce wax deposition were systematized by
Alpandi et al. [41]. Natural plant seed oils are being used as a source of fatty acids, and
several pieces of research on the effectiveness of oleic acid have been performed [41]. In
comparison to synthetic polymer-based, oleic acid-based wax inhibitors exhibit excellent
performance and have the advantage of not harming the marine habitat [41]. Studies on
oleic acid-based wax inhibitors have shown that they have exceptional flow-improving
capabilities, especially at high concentrations, as well as the ability to reduce the crude oil
viscosity and lower the pour point of crude oil [43,44], which means the temperature below
which the fluid loses its capacity to flow. Furthermore, results showed that the behaviour
of oleic acid-based wax inhibitors depends on the crude oil composition [41,43].

Patel et al. investigated the influence of oleic acid-based polymeric flow improvers for
Langhnaj crude oil in North Gujarat, India [44]. Castor seeds and sunflower oil were also
investigated as an inhibitor of wax deposition in Indian crude oil, and the results showed a
reduction in wax deposition [45].

Castor, jatropha, and rubber seed oils were utilized as flow improvers, proving that
they could lower the pour point of Nigerian waxy crude oils, preventing wax deposi-
tion [46-48]. Castor seed oil, tested in Akinyemi’s research, was composed of 89.3%
ricinoleic acid (C1gHz3403), 4.73% oleic acid (C13H340;), and 2.96% linoleic acid (C1gH3,03),
by weight [46]. Jatropha seed oil had 0% ricinoleic, 43.11% oleic, and 39.12% linoleic
acids [46]. Rubber seed oil had 0% ricinoleic, 18.30% oleic acid, 38.20% linoleic acid, and
24.10% linolenic acid (C1gH3¢O5) [46]. Akinyemi et al. concluded that higher paraffin
inhibition efficiency due to the addition of these seed oils was 77.7% for castor seed oil,
73.5% for jatropha seed oil, and 69.9% for rubber seed oil [46]. Notably, these acids are
unsaturated fatty acids with double bonds and polar group endings, which are crucial in
preventing the formation of paraffin wax [47].

In a related investigation, Akinyemi et al. found that by employing a mixture of 60%
jatropha seed oil with 40% castor seed oil by volume, it would be possible to achieve a
wax inhibition efficiency up to 79.1%, enhancing the flow of Nigerian waxy crude oil [47].
These wax inhibitors are non-toxic to the environment, and non-edible, which makes them
attractive to be used as flow improvers [46,47] and wax preventers.

Because there are so many palm oil plants in Asia, using palm oil is considerably more
affordable and practical to prevent wax deposition in that region. Ragunathan et al. investi-
gated the effectiveness of less expensive organic wax inhibitors in Malaysian waxy crude
oil [49]. Studies on palm kernel oil and crude palm oil have been conducted to determine
how they affected rheology and wax deposition [49,50]. The type and quantity of each fatty
acid differs depending on the origin of the natural organic oil [51]. While crude palm oil is
composed of 45.8% palmitic acid (C16H3203), 44.1% oleic acid (C1gH340,), 12.5% linoleic
acid (C13H3203), 5.4% stearic acid (C1g8H3602), and 1.5% of myristic acid (C14Hp30;); the
crude palm kernel oil composition is essentially 48.2% lauric acid (C1,H402), 16.5% myris-
tic acid (C14Hp8053), 15.3% oleic acid (C18H3405), and 8.4% palmitic acid (C16H3,0,) [52].
According to studies by Ragunathan et al., the average paraffin inhibition efficiency is
higher for crude palm oil than crude palm kernel oil, mainly due to the presence of natural
oleic acid. Due to their capacity to create a barrier, both palm oil additives can impede
wax deposition and prevent the structure of wax crystals from interconnecting [49]. They
examined whether natural plant-based additive concentrations resulted in the highest
average paraffin inhibition efficiency, which was 81.67% when palm oil was added at a
concentration of 1% [49].
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Another example of how vegetable oils can effectively be used as flow improvers
was given by Zhang et al., who used rapeseed oil, soybean oil and castor oil to produce
hydroxylmethyl triamide, and performed tests on crude oils from Yanchang Oilfield [53].

To determine the impact of Mt Oversea Mckyle Arab crude oil, Ragunathan et al.
studied the rheological behaviour of crude oil in the presence of palm oil. They concluded
that it is the best inhibitor to use [52].

The identified examples show that fatty acids can act as flow improvers. However,
extensive analyses of different fatty acids have yet to be performed to understand their
potential to reduce the wax precipitation tendency in waxy crude oils.

2. Methodology

An integrated pressure volume temperature (PVT) model was utilized to analyse
the crude oil and its physical characteristics. This model enables simulation of the phase
behaviour of crude oils and complex mixtures.

For computing oil-wax equilibria, several engineering models can be employed [11,54-59].
Coutinho’s model was used [58,59] to predict the wax appearance temperature. Huang
et al. claim that Coutinho’s model is the most thermodynamically accurate approach for
modelling wax deposition [17]. It considers the nonideality of the liquid phase since it
applies the Flory free volume theory and UNIQUAC functional-group activity coefficients
(UNIFAC) method. Coutinho’s model needs input parameters on the constituent paraf-
fin components of the fluid. The n-paraffin distribution significantly affects the model
predictions. Wax is represented as a solid solution in Coutinho’s model. The Wilson and
universal quasi-chemical theory variants of the model exist. The Wilson model, which
approximates the wax as a single solid solution, is the method that is typically chosen in
Multiflash [60]. Wilson’s method is recommended for general technical applications since
it is straightforward to implement and provides reasonable estimations either for the wax
appearance temperature or the wax content for different temperatures.

To estimate the composition of the wax phase, Multiflash uses the known thermal
properties of n-paraffins, such as their normal melting temperature and enthalpy of melting.
The model needs these pseudo compounds to be clearly defined in the fluid model to
estimate the wax appearance temperature and the wax content. Therefore, since n-paraffin
concentration measures were not available, it was necessary to estimate the n-paraffin
distribution. In Multiflash, the Redlich—-Kwong-Soave (RKS) equation of state is defined
as default.

Figure 2 depicts the methodology used to characterize seventeen waxy crude oil
samples and assess the impact on wax appearance temperature for each and when adding
chemicals that are hypothesized to be wax inhibitors or flow improvers.

Crude oils are complex mixtures of several components whose exact composition is
challenging to obtain. In this case, using Multiflash, experimental results were used as
input data to mimic the fluid behaviour in the numerical model. Particularly, true boiling
point (TBP) curves and viscometry data were included. These experimental data were
provided by the oil company for seventeen crude oil samples which belong to the same
oil field.

TBP curves show the percentage weight or volume for a specific boiling temperature.
Their information allows the software to indirectly estimate the composition of crude oil.
Getting the components’ mass spectra requires the partial separation of the crude oil’s
basic chemical components for different temperature thresholds. This method consists
of a distillation operation for several temperature stages. To obtain the TBP and density
curves, crude oil was fractionated in an automatic distillation unit at atmospheric pressure
until reaching 328 °C in steam. The procedure is based on the ASTM D 2892 method. The
residue at 328 °C was then distilled in the same unit at a pressure of 2 mm Hg, until it
reached 400 °C in steam. This residue was distilled in a Pot Still automatic distillation unit,
following the ASTM D 5236 standard, at a pressure of 1.0 mm Hg, until reaching 450 °C
in steam. The residue at 450 °C was distilled in the same unit at a pressure of 0.5 mm Hg,
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Figure 2. Methodology used to characterise the waxy crude oil samples.

The Multiflash model employs analytical protocols to define the pseudo component
using that information. After determining the pseudo components of the crude oil samples,
the viscosity data were included to tune the numerical model in Multiflash.

To obtain the crude oil viscosity as a function of the temperature, a viscometer with a
cryostat is needed to control the sample temperature. To guarantee the fluid homogeneity
and fluidity, it is necessary to preheat the sample. The crude oil can be preheated in
a water bath using a heating plate. This thermal conditioning ensures that the sample
is entirely in a liquid phase, guaranteeing that the wax that may have precipitated is
liquefied. After performing this initial procedure, a crude oil sample is added to the
viscometer compartment. The rotational viscometer allows the reading of dynamic viscosity
in centipoise. It measures the viscosity through the torsional effort required to turn a spindle
immersed in the sample for a constant rotational speed. The spindle turning speed is chosen
to guarantee that the torsional resistance is according to the parameters defined in the
ASTM D4402 standard [61], between 10% and 98%. If the torsional resistance value is above
98%, it is necessary to decrease the rotation speed. On the contrary, if the value is less than
10%, it is necessary to increase the rotation speed. Before measuring each viscosity value, it
is required to guarantee a stabilized temperature in the viscometer compartment.

After inputting these parameters in the model, several results were obtained for the
seventeen crude oils, including the PVT behaviour, the phase diagram, the wax precipitation
curve, and the wax appearance temperature. Furthermore, the effect of pressure on the
wax precipitation was investigated. The simulation conditions were defined, varying the
pressure between 1 atm and 200 atm, for each crude oil sample.

The last step was to examine how the addition of specific chemicals, such as methane
(CHy), carbon dioxide (CO;y) and fatty acids (-COOH), can affect the way these crude oils
behave. The first two, CH4 and CO,, were chosen because they are greenhouse gases that,
if utilized, would have a double effect on the system, beyond the hypothesis raised about
their potential impact on preventing wax precipitation since they are lighter components.
On the one hand, they could increase the reservoir pressure, contributing to enhancing oil
recovery if they were injected; on the other hand, since they are greenhouse gases, which
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Dimensionless parameter to assess the impact of adding a given wax inhibitor =

means that they are atmospheric gases that both absorb and emit heat, it would be positive
to capture and inject them in the geological layers, preventing their environmental impact
on the atmosphere. Fatty acids were studied since they act as flow improvers, and there are
not enough scientific studies that evaluate how they would impact wax precipitation.

An evaluation and comparison of the effect of the wax appearance temperature was
performed before and after injecting those chemicals. To better understand the impact on
all the samples, a dimensionless analysis was performed using Equation (1)

WATChemicul#O
WATChemical:O

If this parameter is less than 1, the WAT value has decreased after adding a certain
wax inhibitor.

)

3. Case Study—Characterization of Waxy Crude Oils

Data made available on this section depicts the waxy crude oils taken as case studies.
Information has been attained with profuse laboratory testing. Hence, the following full
results are also deemed to ensure reproducibility.

3.1. Density, TBP and Viscosity

The crude oil samples were collected from onshore wells in the Brazilian basin. Table 2
summarises the American Petroleum Institute gravity (° API) of the crude oil samples.

Table 2. °API from Brazilian crude oil samples.

Crude Oil Sample °API @60°F
Sample A 27.7
Sample B 26.6
Sample C 27.2
Sample D 27.0
Sample E 26.4
Sample F 243
Sample G 26.9
Sample H 27.3
Sample I 27.0
Sample J 27.6
Sample K 26.9
Sample L 26.6
Sample M 26.7
Sample N 26.4
Sample O 27.4
Sample P 25.5
Sample Q 26.2

The distillation curves were obtained using the TBP method, according to the method-
ology described previously. Figure 3 represents the volume yield as a function of the true
boiling point (TBP) for the 17 samples (A to Q).

As it is possible to see, the fluid volume percentage follows similar distribution for
all the samples. Figure 4 represents the TBP curves obtained by plotting the cumulative
volume distillation fraction with increasing temperature.
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Figure 4. True Boling Point Curves.

Figure 5 represents the specific gravity for each fraction as a temperature function.

Figure 6 represents each fraction’s cumulative volume and specific gravity as a function
of the TBP.

For these waxy crude oil samples, it is possible to obtain Equation (2), which defines
the cumulative volume as a function of the TBP with an R-squared value of 0.9801.

cumulative volume (%) = 0.00015091 x TBP>%23 2)

Equation (3) defines the specific gravity values, of each fraction, as a function of the
TBP, with an R-squared value of 0.9805.

SG = 0.118 x In(TBP) +0.1629 ®)
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After adding the TBP data to the Multiflash model, the fluid characterization was
performed, and the pseudo components were defined. Viscometry tests were then used
to calibrate the Multiflash model by automatically fitting the calculated viscosity curve
to the experimental measurements. Since it is regarded as the most flexible approach for
predicting viscosity and generally performs better than the other methods available in
Multiflash [62], the SuperTRAPP method was used to determine the calculated viscosity.
Figure 7 graphically represents the results of this tunning procedure.
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Figure 7. Tuning the model with the viscosity experimental data.

By analysing the previous graphics, it is possible to verify that adjusting the simulated
viscosity to the experimental data is more challenging for lower temperatures. In other
words, crude oil rheological behaviour is difficult to tune at low temperatures.

By the graphical analysis, it is not possible to determine the WAT values through the
logarithmic plot since few viscosity measures were provided as a function of tempera-
ture. Thus, it is necessary to simulate it to estimate the WAT value associated with each
crude sample.

3.2. PVT Analysis

Determination of the pseudo components that form the crude was carried out by
Multiflash. Figure 8 shows the adjustment of the input values and the values calculated
by the software, illustrating the cumulative percentual volume as a function of the single
carbon number (SCN).
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Figure 8. Cumulative volume (%) as a function of carbon number.

Knowing the wax thermodynamics is essential to identify the possibility of wax
formation for particular operating conditions and to understand how severe the deposition
can eventually be. Figure 9 shows the phase envelope for the seventeen samples obtained
in Multiflash, using the Redlich-Kwong-Soave thermodynamic model.
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Figure 9. Phase diagram. Vapour-liquid equilibrium and wax formation.

When selecting the wax phase in Multiflash, the phase envelope button can be used to
plot the wax boundary (blue line). In Figure 9, the wax boundary’s intersection with the
bubble point line is indicated by the letter D.

This phase diagram enables the visual representation of how crude oil changes due
to variations in temperature and pressure. The blue line indicates the temperature value
below which the wax precipitates. The wax appearance temperature seems to be almost in-
dependent of the fluid pressure. However, as will be presented in more detail in Section 3.3,
pressure influences the amount of precipitated wax. The higher the pressure, the higher the
amount of precipitated wax.

3.3. Wax Characterization

By selecting the wax precipitation curve button in Multiflash, a graph showing the wax
mass percentage of liquid as a function of temperature will be generated at a specifically
selected pressure. Starting at zero degrees Celsius, the final temperature is the computed
WAT for zero percent wax. Figure 10 shows the wax precipitation curve.
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Figure 10. Wax precipitation curve.
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While the above wax precipitation curves behave similarly, the amount of wax precipi-
tated varies from sample to sample. For instance, the amount of precipitated wax for 0 °C
varies, and the WAT is also different.

The values of WAT were also calculated at pressures of 1, 100 and 200 atm, and the
results are presented in Table 3. Identifying a measurable WAT, which means a non-zero
quantity of wax, depends on the experimental techniques used to determine it. Two
different models were presented in these cases since they are already pre-set in Multiflash:
cross polar microscopy (CPM) and differential scanning calorimetry (DSC).

Table 3. Wax appearance temperature (°C) using cross polar microscopy (CPM) and differential
scanning calorimetry (DSC) for different pressures (P).

P=1atm P =100 atm P =200 atm

Crude Oil CPM DSC CPM DSC CPM DSC
Sample A 59.87 47.75 61.71 49.57 63.56 51.39
Sample B 60.99 49.31 62.80 51.10 64.62 52.91
Sample C 60.91 49.20 62.72 50.99 64.55 52.80
Sample D 60.02 49.22 62.86 51.03 64.72 52.86
Sample E 60.21 48.26 62.02 50.05 63.84 51.85
Sample F 61.58 50.08 63.39 51.87 65.22 53.67
Sample G 60.07 48.08 61.87 49.86 63.69 51.66
Sample H 60.83 49.09 62.64 50.87 64.46 52.68
Sample I 61.15 49.42 62.99 51.23 64.84 53.06
Sample ] 60.94 49.25 62.75 51.04 64.58 52.84
Sample K 61.43 49.84 63.24 51.63 65.07 53.43
Sample L 61.72 50.29 63.53 52.08 65.36 53.88
Sample M 62.52 51.59 64.34 53.38 66.17 55.19
Sample N 61.43 49.85 63.24 51.64 65.07 53.44
Sample O 60.76 48.99 62.57 50.78 64.39 52.58
Sample P 61.91 50.60 63.72 52.39 65.55 54.20
Sample Q 59.60 47.46 61.41 49.24 63.23 51.04

The results show that for the evaluated samples the WAT varies linearly with the
pressure, with a positive slope. The gradient ranges between 1.77 and 1.83 °C/100 bar for
these waxy crude oils. Although the results obtained through those calculations contradict
the trends obtained experimentally by Oyekunle et al. [12] in which the WAT decreases as
the pressure increases, they corroborate the positive trend that Brown et al. [55] obtained.
The latter suggested that it is realistic to estimate an increase in the cloud point due to
pressure on any dead oil cloud point of 2 °C/100 bar [55]. From the calculations herein, it
is possible to conclude that these results are compatible with the ones obtained by Brown
et al. [55]. Wax is less soluble in crude oil as pressure is applied to it [63], so it is expected
that WAT will be higher when the pressure is higher

When analysing the flow conditions from the reservoir to the surface through the well,
it is possible to conclude that the pressure will affect wax precipitation. Nevertheless, it
is expected that the temperature decrease of the fluid will have a higher impact on wax
precipitation than the pressure.

When evaluating these results, it is possible to conclude that this oil field is expected
to present a severe wax precipitation problem since the calculated WAT values are very
high, ranging between 47.5 °C and 51.6 °C, for atmospheric conditions and considering the
DSC results.
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4. Results and Discussion—Impact of Using Chemicals to Prevent Wax Precipitation

To evaluate the impact of using specific chemicals to prevent wax precipitation, adding
the physical properties of these components in the Multiflash program is necessary. When
adding CHy, CO; or fatty acids to these crude oil samples, adding the first two is straight-
forward because they already have their physical parameters set in the Multiflash database.
However, the latter does not. Consequently, for each fatty acid, it was necessary to add
standard properties, such as the molecular weight, specific gravity, Tc (°C), Pc (atm), w, V¢
(m3/kmol), Tj (°C), Tei; (°C), H fusion (J/mol). These properties were collected from the
research published by Sousa et al. [51] and complemented with the information available
in the Aspen software database.

After running the Multiflash models with the addition of those chemicals, WAT values
were collected for 1 atm, 100 atm and 200 atm.

A dimensionless parameter that is given by the quotient between the WAT after adding
the desired chemical and the WAT without it (WATcpemicai—0) Was used to compare the
impact of adding each chemical. If this parameter is lower than 1, it means that the added
chemical has a positive impact on decreasing the WAT value.

After calculating this dimensionless parameter (WAT/WATcpemicai—0), 17 graphics
were built for each inhibitor. Since 12 inhibitors were evaluated (methane, carbon dioxide,
caprylic acid, capric acid, lauric acid, myristic acid, palmitic acid, stearic acid, arachidic acid,
behenic acid, palmitoleic acid and oleic acid), a total of 204 graphs were obtained (17 crude
oil samples x 12 inhibitors). Given that the variation of the dimensionless parameter
(WAT /WAT cpemical—0) as a function of the molar fraction depicts a similar trendline for
each inhibitor, the average values of WAT / WAT cemicai—0 Were calculated for the 17 crude
oil samples, and one graph was presented per inhibitor that aggregates the overall findings
about its efficiency in reducing the WAT values.

4.1. Methane (CHy)

Due to the modification of the fluid composition caused by the addition of methane,
WAT decreases, and this alteration is mainly observed for higher pressure values. Figure 11
represents the WAT /WATcp,—g average as a function of the added CH4 molar fraction.
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Figure 11. CHy effect on WAT.

Injecting CHy gas at atmospheric pressure will negligibly affect wax precipitation. The
results obtained for 100 atm and 200 atm are almost overlapped for the mole fraction range
presented in Figure 11. Those results confirm the outcomes of Vieira et al., showing that
injecting methane causes a WAT decrease [26].

4.2. Carbon Dioxide (CO;)

Figure 12 represents the WAT/WATco,—o average as a function of the added CO,
molar fraction.
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Figure 12. CO; effect on WAT.

Herein, the conclusion is similar to the previously obtained when injecting gas at
atmospheric pressure. The effect on wax precipitation is negligible.

For higher pressures, the results corroborate the findings of Hosseinipour et al. [37],
when they investigated the impact of CO, on wax precipitation. The value of WAT tends to
decrease after, and the reduction depends on the pressure.

4.3. Fatty Acids

In this study, fatty acids taken into account are those that are naturally present in
higher proportions in the plant components and biomass residues that Sousa et al. [51]

examined.

Figures 13-20 represent the effect on WAT of adding saturated fatty acids (fatty acids
without any double bonds between the carbon atoms) to the waxy crude oil samples. These
graphs represent the WAT / WATF 1y, acid=0 average as a function of the specific added fatty
acid molar fraction.
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Figure 13. Caprylic acid (C8:0) effect on WAT.
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Figure 14. Capric acid (C10:0) effect on WAT.
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Figure 15. Lauric acid (C12:0) effect on WAT.

1.05
1.04
1.03
1.02
1.01
1.00
0.99
0.98
0.97
0.96
0.95

0 ()

WAT / WATMynsl(l: Acid:

0 5 10 15 20 25
Myristic Acid mole fraction (%)

1atm -——100atm -——200 atm
Figure 16. Myristic acid (C14:0) effect on WAT.
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Figure 17. Palmitic acid (C16:0) effect on WAT.
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Figure 18. Stearic acid (C18:0) effect on WAT.
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Figure 19. Arachidic acid (C20:0) effect on WAT.
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Figure 20. Behenic acid (C22:0) effect on WAT.

A general trend towards a decline in the WAT value is shown with an increase in the
molar fraction of fatty acids, which leads to the conclusion that adding fatty acids to crude
oils may help avoid the precipitation of waxes.

Analysing the previous figures, it is possible to conclude that adding lauric acid
(C12:0) or myristic acid (C14:0) to the waxy crude oil samples led to a higher reduction of
the expected WAT when compared to the other studied saturated fatty acids. However,
some simulations using fatty acids with longer carbon chains, such as the ones performed
with stearic acid (C18:0), arachidic acid (C20:0) and behenic acid (C22:0), showed that
increasing the mole fraction has a non-linear relationship with the impact on WAT. This
indicates that the WAT will not decline linearly, despite the increase in the fatty acid mole
fraction. In some circumstances, it may even reverse the overall decreasing trend (as shown
in Figure 20). Future research is needed to understand this phenomenon better, namely
modelling the intramolecular interactions between hydrocarbons and fatty acids.

To analyse if the number of double bonds between hydrocarbons will affect the WAT
value, palmitoleic acid and oleic acid were evaluated. Figures 21 and 22 show the effect on
WAT, after adding monosaturated fatty acids, with one double bond between the carbon
atoms, to the waxy crude oil samples.

The results obtained when adding palmitic acid (C16:0) (Figure 17) or palmitoleic acid
(C16:1) (Figure 21) to the waxy crude samples showed that the fluid behaved similarly
concerning the wax temperature appearance. However, the first one gives slightly better
results, which means that although both have sixteen carbons, the existence of a double
bond of carbons in the second case can eventually be responsible for that difference.

When comparing the results on WAT after adding stearic acid (C18:0) (Figure 18) and
oleic acid (C18:1) (Figure 22), it is possible to conclude that the monosaturated fatty acid is
marginally better in avoiding wax precipitation. Thus, it may be inferred that double bonds
influenced the outcomes. However, the impact was the opposite of what was observed for
C16:0 and C16:1. This conclusion reinforces the need to investigate how the double bound
affects the WAT using molecular simulation.
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Figure 21. Palmitoleic acid (C16:1) effect on WAT.
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Figure 22. Oleic acid (C18:1) effect on WAT.

Figure 23 summarizes the WAT/WATE1y acia—o values for 25% mole fraction for ten
of the studied fatty acids.
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Figure 23. WAT/WATE44y acia=o for different fatty acids for a 25% mole fraction.

As it is possible to observe, myristic acid (C14:0), oleic acid (C18:1), palmitic acid
(C16:0), or lauric acid (C12:0) revealed a higher impact on the WAT reduction. The maximum
reduction was achieved for WAT \pyristic acid=25% mole fraction / WATppyristic acid=0 = 0.949, which
means that for crude oil sample A, for instance, the WAT is expected to decrease from
59.87 °C t0 56.89 °C (@ 1 atm) when myristic acid is added at 25% mole fraction.

5. Conclusions

Crude oil is composed of a set of hydrocarbons which have different structures. When
determining a crude oil’s behaviour, all the components, including asphaltenes, resins,
lighter distillates, and aromatics, should also be considered. In this case study, true boiling
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point curves and viscometry enabled full characterization of the samples by defining
pseudo components to mimic the crude oil composition.

Results showed that wax appearance temperature (WAT) values are influenced by the
pressure to which the fluid is subjected. The greater the pressure is, the greater the WAT
value will be, which means that the precipitation of waxes is more likely to occur when the
fluid is under higher pressure conditions. The average increase in WAT as a function of the
pressure was approximately 1.8 °C/100 bar.

When comparing the impact of adding CHy4 or CO; it was found that the latter has a
higher impact on the reduction of WAT. Nevertheless, these gases need to be injected at
high pressure to guarantee their effects on preventing wax precipitation.

Unlike the CHy and CO; found in standard conditions in the gaseous phase, the
studied fatty acids were in the liquid phase. The main conclusion is that the injection of
fatty acids prevents the precipitation of waxes. However, the crude oils” behaviour after
adding fatty acids is not similar. In fact, it is possible to observe that when adding C8:0,
C10:0, C12:0 and C14:0, the WAT values decrease linearly with the increase of the molar
fraction, however, when adding C16:0, C16:1, C18:0, C18:1, C20:0 and C22:0 the behaviour
is non-linear.

This work helped to elucidate the wax inhibitors’ effectiveness in reducing WAT values.
It enabled us to establish that myristic acid (C14:0), oleic acid (C18:1), palmitic acid (C16:0),
or lauric acid (C12:0) allowed a higher reduction in WAT.
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