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ARTICLE INFO ABSTRACT

Keywords: Phase behavior of reservoir fluids is crucial for an efficient production development project. In this paper, a new
PVT dataset of phase transitions of Brazilian pre-salt crude oil mixed with methane systems is presented and phase
Phase behavior behavior discussed under different analytical technics. A series of mixtures of a dead crude (API 28.0, 0.68 wt%
ASP]Tal_te“'es of asphaltenes) with 65.0, 67.5, 70.0, 72.5, and 75.0 mol% of methane were studied by constant mass expansion
Precipitation in a PVT cell, coupled with a high-pressure microscopy (HPM). Pressure-volume data shows slight phase tran-
sition, with a not evident break due to difference on compressibility, specially by increasing methane molar
content. For this reason, beside of visual observation, a near-infrared (NIR) transmittance was used for a proper
identification of bubble point pressure. NIR transmittance also allow the detection of phase transitions above
bubble point, that was confirmed by intermediate of by HPM analysis. A dispersion of fine particles was detected,
and it was associated with asphaltenes onset, for the systems with high content of gas (72.5 and 75.0 mol% of
methane). NIR transmittance along with micrographs taken during system pressurization confirm a low as-
phaltene hysteresis redissolution, with no flocs and mayor aggregates formation and rapid redissolution after
system pressurization. This phenomenon could be related to the low content of asphaltenes on the crude oil

sample.

1. Introduction

Understanding the phase behavior of petroleum fluids under re-
servoir and production conditions are essential for a robust and efficient
production development project [1,2]. Complex multiphase equilibria
may occur as reservoir fluid undergoes condition changes during pro-
duction or due to composition changes during enhanced oil recovery
EOR schemes [3,4]. Light end hydrocarbons (natural gas, propane,
etc.), carbon dioxide and nitrogen are used for reservoir gas flooding,
contributing to changes in reservoir composition and phase transitions
[3,5].

Complex equilibria have been reported in the literature for crude oil
and gases systems, including methane [6,7], ethane[7], carbon dioxide
[8-10], and high carbon number solvents [4,11-13]. Liquid-vapor, li-
quid-liquid, and solid-liquid boundaries are important phenomena
[5,14-16] specially for crude oils with asphaltenes precipitation
[11,12,15].

Asphaltenes are commonly identified as the heaviest and the most
polar group of crude oil components [17], and its precipitation is
normally associated with changes in pressure [18], temperature
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[19,20], and compositional variations in the crude oil [5,21-23]. These
changes are crucial specially during crude oil production. Injection of
miscible low molecular weight gases, e.g., carbon dioxide or natural
gas, can also lead to asphaltenes destabilization and precipitation
[9,24], and the precipitation extent has been related with gas to oil
ratio, gas composition and crude oil properties [25].

Destabilization and precipitation of asphaltenes could affect per-
manently well production by forming hardly-to-remove deposits in the
wellbore area, reservoir formation, pipes and production equipment
[15,26]. Reversibility of asphaltenes is a matter under relevant dis-
cussion in the literature, for experimental or modeling purpose, spe-
cially under reservoir conditions [27,28]. Solubility models [29,30] use
thermodynamic phase behavior to describe the asphaltene precipita-
tion, treating it as a reversible phase transition. In the other hand,
colloidal models [31,32] supports that asphaltenes are stabilized by
resins and maltene fractions, and after asphaltenes destabilization there
is an irreversible precipitation process.

Moreover, asphaltenes precipitation and redissolution has being
described as a slow kinetic process [27,28,33,34], especially for com-
plex oils and for asphaltenes precipitation by adding n-alkanes [33,35].
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Table 1
Density, average molar weigh and SARA analysis for the dead
crude.

Crude oil properties

API gravity, "API 28.0
density at 40 °C, kg/m* 889.1
average molar weight, kg/kmol 250
saturates content + 1, wt% 59
aromatic content * 1, wt% 22
resins content *+ 1, wt% 18
asphaltenes content + 0.05, wt% 0.68
water content, wt% 0.49

Table 2
Compositional analysis of the dead crude oil.

Carbon number wt % mol %
C3 0.00 0.00
iC4 0.01 0.04
nC4 0.06 0.28
iC5 0.13 0.53
nC5 0.27 1.10
(€9 0.95 3.31
Cc7 2.15 6.51
Cc8 3.09 8.43
co 2.90 6.98
C10 2.58 5.61
Cl1 2.47 4.91
C12 2.35 4.26
C13 2.68 4.47
C14 2.41 3.70
C15 2.55 3.61
Cl6 2.09 2.74
C17 2.04 2.51
C18 2.23 2.59
C19 2.10 2.33
C20+ 66.93 36.09
C20+ molar weight 541

Asphaltenes precipitation reversibility have been also correlated to
asphaltenes source, i.e., petroleum properties; and, operational condi-
tions after asphaltenes precipitation onset [27,33,36]. It has been dis-
cussed in the literature [27] that there is a hysteresis between
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Fig. 2. Relative volume and saturation pressures (@) of crude oil and methane
systems during CCE depletions.

asphaltenes precipitation and redissolution process by compression.
Some of the phenomenological conclusions depends on the experi-
mental observations of asphaltene precipitation and saturation en-
velope [37]. It is important to note that there is a lack of experimental
data reporting this phase transition covering a wide range of opera-
tional condition for reservoir fluids in the literature.

From an industrial perspective, studies of mixtures of specific gases
or solvents with crude oil, is a common practice to identify solubility
effects of each solvent over the heavy and complicated fractions of the
crude oil, i.e., asphaltenes [4,5,9,38]. Most of the literature data in
mixtures of methane or natural gas with crude oil shows an identifi-
cation of the phase boundaries, i.e., bubble point pressure and asphal-
tene onset pressure, specially used to fit models’ parameters, validate
phase behavior’s predictive methods, and the further calculation of
derivative thermodynamic properties [5,39,40]. Nevertheless, char-
acteristics of the phase transitions for these systems is scarce in open
literature, especially for asphaltenes and related equilibria at higher
pressures than the bubble pressure point [41]. In this sense, the present
work aims to contribute to the analysis and understanding of phase
transitions’ characteristics for the systems of methane and crude oil,

ImTTTT ST T T T T s T T s T T T T TS 1
1 1
1 1
: HV1 :
1 SDS SDS 1
: NIR Detector © NIR Sourse :
1 1
HV5! L ] Sapphire 1
N\ Y 1
r--- PVT cell forcamera |
1 . 1
| _g 1 1
13 | PVT pum 1
' 1|5 1
o L | e :
H
I é : 1 1
1 | 1 1
bl o 1 1
bat 1 1
1 1
1 1
1 1
Synge pump Synge pump Hv4! !
for gas injection for crude “r< : :
: Air bath :
Synge pump
for HPM sampling

Fig. 1. Schematic diagram of PVT, HPM and sample injection ensemble.
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Fig. 3. Saturation pressure and isothermal compressibility for the overall system and the gas phase after the bubble point for crude oil and methane mixtures.

i.e., onset pressure regions, stability, morphology, and dissolution,
especially for phase transitions above the bubble point pressure.

For all described above, phase behavior of dead crude oil + me-
thane mixtures, at different gas (methane) ratio was studied in this
work. The main objective is to better understand phase transition for
reservoir fluids at high pressure condition. Phase boundaries were de-
termined by using different analytical techniques: pressure-volume-
temperature (PVT) measurements, coupled with a near infra-red (NIR)
probe for solid detection system (SDS), together with a high-pressure
microscopy (HPM) analysis. These techniques were used to identify li-
quid-vapor (LV) transitions and asphaltenes precipitation onset, as
function of methane content. Asphaltene redissolution was also

evaluated by system pressurization from pressures above asphaltenes
onset precipitation to monophasic region.

2. Materials and methods

Phase equilibrium experiments of dead crude oil and methane sys-
tems were performed by intermediate of a synthetic method [42,43].
Crude oil and methane mixtures (65.0, 67.5, 70.0, 72.5 and 75.0 mol%
of methane) were prepared, and their phase behavior was studied in a
variable volume PVT cell. Two different tests were performed for each
composition: a constant composition expansion (CCE) test, and an
isothermal expansion for high pressure microscopy (HPM) analysis,
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Fig. 4. NIR transmittance signal for equilibrium steps (solid symbols) and
continue depressurization (lines) during CCE test. Saturation pressures marked
(@) for crude oil and methane mixtures.

detailed described in Sections 2.3 and 2.4. Both tests were made at
reported reservoir temperature of 70 °C.

2.1. Crude oil sample

Dead crude oil sample was supplied by Petrobras. Table 1 depicts
crude oil characterization, i.e., density, SARA (saturates, aromatics,
resins and asphaltene) analysis, molar weight, and water content. Ad-
ditionally, compositional analysis of the crude oil is presented in
Table 2.

Density measurements were carried out by using an Anton Paar
SVM 3000 viscodensimeter, based on a U-tube principle. Standard oils
(CN-6773, Anton Paar) were used for calibration procedure, with an
uncertainty of 0.0001 g/cm>.

Asphaltene content was measured following a single stage n-hep-
tane addition, as stated by Alboudwarej et al. [44] and described
elsewhere [23]. Crudes SAR (saturates, aromatics, and resins) content
was also determined by liquid chromatography fractionation, following
ASTM D2007M procedure [45]. Analytical grade (> 99.8%) solvents
(n-heptane, toluene, dichloromethane and methanol) supplied by
Sigma-Aldrich were used. It is important to mention all chemicals were
used with no further purification processes. Water content was de-
termined by using a Karl-Fischer titration (Metrohm Brasil).

SARA fractionation of the crude oil was used to investigate its as-
phaltenes stability by intermediate of the Septilveda’s Criterions, i.e.,
Qualitative-Quantitative Analysis (QQA), and Stability Cross Plot (SCP)
test [46,47]. These asphaltene stability criteria are based in a series of
relations between crude oil SARA fractions, the use of both tests is re-
commended to better results in asphaltene stability evaluation [46].
Details about the criterions are presented elsewhere [46,47].

2.2. PVT apparatus

A schematic diagram of the high-pressure system is presented in
Fig. 1, with a detailed description made below.

PVT analysis have been performed by using Fluid-Eval cell (Vinci
Technologies, France), with a maximum operational condition of
15,000 psi and 200 °C. The apparatus consists of a variable volume
Hastelloy cell (accuracy volume measurements of 0.01 cm®), embedded
with a high-pressure pump (with a pressure accuracy of 0.1%). This
system is also equipped with a magnetic driven stirrer for homo-
genization of the fluid sample.

Vapor phase could be visually identified through two sapphire
windows placed at the top of the cell. Through these windows,
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volumetric measurements of the formed phase (with an accuracy of
0.02 cm®) can be made using a video camera. Vinci VisionACq V1.5
software was used for image processing and volume calculation.

Near Infrared (NIR) transmittance through the crude sample was
measured continuously during depletion using a Solid Detection System
(SDS) provided by Vinci Technologies. A NIR laser source was con-
nected to the PVT cell through an optic fiber. NIR transmittance was
analyzed in the wavelength of 1,500 nm by an optical power meter with
a minimal sensitivity of 1 pW.

HPM analysis were also performed for phase identification during
the depressurization process. HPM cell consist of a high-pressure ar-
rangement with two sapphires distanced by 100-um where sample from
the PVT flows through. HPM cell is connected between PVT cell and a
high-pressure reservoir. Vinci HPM V1.0.11® software was used for
micrograph analysis. From these analyses, it could be possible to detect
the presence of particles, their counting, along with their size, with a
minimal detection of 1 um diameter.

2.3. PVT sample preparation and CCE test

Crude oil and gas were precisely introduced to the PVT cell, pre-
viously vacuumed at 1kPa, by using high-pressure syringe pumps.
Firstly, a volume of crude oil (80.00 mL) was injected in the PVT cell, at
40.0 °C and 690 kPa. Secondly, a required amount of methane (White
Martins, 99.995wt%) was injected by using a Teledyne Isco 260D
syringe pump at 13.79 MPa (volume accuracy 0.01 cm®). Gas tem-
perature during injection procedure was controlled by intermediate of
the cooling jacket of the syringe pump, by using a PolyScience ADO7R-
40 chiller, at 20.0 °C.

Temperature and pressure during injection were monitored to cal-
culate the mass amount of each fluid introduced in the PVT cell. Density
and molecular mass of crude oil were previously determined, as de-
scribed in Table 1. Methane density was taken from NIST REFPROP V7
database (112.17 kg/m3 at 20.0 °C and 13.79 MPa).

After the desired amount of crude oil and gas were injected to the
PVT, the cell content was continuously stirred and pressurized with a
rate of 415kPa/min (60 psi/min) until at least 14 MPa above the
bubble point. It was kept under stirring, at least, 12 h before the CCE
test.

CCE test was performed by a controlled depressurization following
equilibrium steps until at least 20 MPa below the detection of first
bubbles. Depressurization steps were kept at 3400 kPa for pressures far
from bubble point; and 690 kPa for pressures near the bubble point.
Depressurization rate between equilibrium steps was 208 kPa/min (30
psi/min), at a minimal equilibrium time of 15 min. After this time, a
three parameter criterium was adopted to ensure equilibrium was
achieved, as follow: no variations on pressure higher than 35 kPa;
0.03 cm® of volume change; and, 1.0 °C temperature variation for at
least 5 min. Only when this criterium is attained, pressure, temperature
and volume values are taking by intermediate of a data acquisition
software (AppliLab). It is important to mention that for each de-
pressurization step, the system was stirred constantly. On the other
hand, equilibrium steps were taken without stirring.

Phase transitions were identified by intermediate of three different
techniques, as follow: (i) pressure-volume (PV curve) slope variation
against pression [4,12]; (ii) visual identifications; and, (iii) variations
on sample NIR transmittance [27,48]. For instance, bubble point
pressure was determined by the changing on the slope for PV curves
[4,12]. Visual identification of the first bubbles was recorded by the
camera located in front of sapphire windows in the head cell. This
analysis was important to the confirmation of the saturation pressure.
Gas phase volume was determined by using the coupled camera. From
these data, isothermal compressibility for the gas phase was also cal-
culated. Monophasic isothermal compressibility at high pressures was
determined by volumetric measurements form PVT embedded pump.
Relative volume was calculated by dividing system volume (at each
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Fig. 5. NIR transmittance comparison during CCE and system re-pressurization for all crude oil and methane mixtures (65.0, 67.5, 70.0, 72.5, and 75.0 methane mol

%).

equilibrium step) by the interpolated volume at the saturation pressure.

NIR transmittance were recorded continuously during depressur-
ization and also at the equilibrium stages. It is important to state that
NIR transmittance at saturation pressure is close to zero (10 W).
Nevertheless, above bubble point pressure, a decreasing in NIR trans-
mittance, could be related to solid formations, e.g., asphaltene onset
pressure (AOP) [27,48].

After the last stage of equilibrium, the entire system was re-
pressurized (at a rate of 415 kPa/min) to get the initial pressure of the

test. After that, the system remains at rest during at least 12h under
stirring (750 rpm). Next, NIR transmittance before and after re-
combination was compared to assure the return to initial state. This
sample was used then for isothermal depressurization HPM analysis.

2.4. Isothermal depressurization HPM analysis

Isothermal depressurization HPM analysis was conducted under a
depressurization ramp of 208 kPa/min and equilibrium steps of 5 min.
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Fig. 7. NIR transmittance and HPM particle count for 72.5 methane mol%
crude oil and methane mixture during HPM test.

Simultaneously, a flowrate of 0.1 cm®/min was set in the syringe pump
to flow fresh fluid from the PVT cell to the HPM cell. During the de-
pressurization and equilibrium steps, phase formation, e.g. asphaltenes,
were identified by particle count, aggregates size and relative coverage
area, by using microscope camera and Vinci HPM V1.0.11® software.
Micrographs were taken every 2s. NIR transmittance measurements in
the PVT cell during HPM test were also registered during both depletion
and equilibrium steps.

Asphaltenes phase behavior were also evaluated in terms of dis-
solution by repressurizing the system from the AOP to the monophasic

pressure. Pressurization was made by increasing PVT pressure with the
HPM connected, at a rate of 415 kPa/min.

3. Results and discussion
3.1. CCE tests results

Relative volumes against pressure for all the crude oil + methane
systems are depicted in Fig. 2. From these curves, saturation pressure
was determined from the inflection point of the relative volume. It was
observed that increasing methane molar content this inflection point is
less evident, as expected. For methane compositions of 72.5 and
75.0mol%, PV curve plots show a continuous shape, with no clear
discontinuity [49]. For this reason, bubble point pressure is better de-
termined by both visual observation of the first bubbles in the cell
sapphire windows and by the steep decline of SDS NIR signal.

Compressibility calculation of each measured phase are presented in
Fig. 3. Overall compressibility was directly calculated from the volu-
metric measurements of the cell content. These measurements are co-
incident to the monophasic compressibility at pressures above the sa-
turation pressure. Below saturation pressure, two different
compressibilities were calculated, one from the gas phase, obtained
from frontal camera; and, another from volumetric behavior of the
embedded pump. From these data, it could be observed a compressi-
bility difference over 100-fold for the gas phase compared to the dense
phase. This difference in compressibility confirms the measured bubble
point and denotes the LV equilibrium for all the systems. It was
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observed that as methane content increases, the overall system com-
pressibility variation becomes less evident, when saturation pressure is
reached. For systems above 70 mol% of methane, the identification of
the bubble point pressure was possible by means of a visual observation
of the cell content and the NIR transmittance response.

Fig. 4 shows NIR signal measurements for equilibrium steps and the
continue measurement during system depletion. It can be noted that a
sharp NIR transmittance reduction was attained when bubble point was
reached. It could be related to the bubbles formation leading to a high

laser dispersion or density changes in the continuous oil phase that
contributes to the increase of sample absorbance [27,48]. For system
composition below 70 mol% of methane, a monotonic increase in NIR
transmittance was detected during depletion until the saturation pres-
sure. This behavior could be related to the reduction of the system
density due to the depressurization. For systems with higher methane
content, NIR transmittance variations were detected indicating a pos-
sible phase transition at pressure above the bubble point. This variation
is normally related to asphaltenes when the AOP was reached. Never-
theless, for mixtures with high methane content, phase transition occurs
at higher pressures, possibly due to solvency variation for asphaltenes
[9]. NIR transmittance oscillation for 72.5 and 75.0 methane mol%
were observed under stirring, between equilibrium steps, probably in-
dicating a segregation process of the phase formed. Additionally, it
could be observed that, during the equilibration of the stages, when
PVT cell stirrer is turn off, NIR transmittance signal increases. These
observations could indicate that the formed phase may aggregate and
decant by gravity when system is not stirred, leaving the NIR laser path
and consequently the SDS detection zone.

NIR transmittance signal comparison between sample depletion and
repressurization process is shown in Fig. 5. It was noticed that all sys-
tems required a stabilization time to reach the initial transmittance,
possible due to the delay in phase equilibrium caused by mass transfer
limitations. For mixtures with methane content below 70.0 mol%,
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Fig. 10. Micrographs for 75.0 methane mol% mixture with crude oil during HPM test.

systems without apparent AOP, NIR transmittance was higher during
recompression, and then decrease to the initial value after the equili-
bration time (at least 12 h). Samples NIR transmittance could be related
inversely with density [27,48], and the decreasing of NIR transmittance
after the stabilization time could indicate the stabilization in mixture
density until reach equilibrium. Nevertheless, for systems with higher
methane content, 72.5 and 75.0 mol%, NIR transmittance were lower
during the pressurizing process and could be related to dispersed solids
or heavy phase, like asphaltenes. After equilibration time, NIR trans-
mittance reaches initial CCE NIR value. It important to mention, that no
considerable hysteresis was detected for asphaltenes solubilization after
the pressurizing process.

3.2. Isothermal depressurization HPM results

It is important to emphasize that all NIR transmittance data were
investigated by HPM test in order to corroborate the phase transitions
observation, described in the last Section. NIR transmittance, HPM
particle count and micrographs for crude oil mixtures with 65.0, 67.5
and 70.0 methane mol% were present in Fig. 6. It was noted that NIR
transmittance behaviors in the same way of CCE test. It means, with a
monotonal increase during depletion until reach bubble point pressure.
Micrographs analysis can confirm that there is any asphaltenes pre-
cipitation, no particles appearing were detected during depletion. Only
LV transition is observed when saturation pressure was attained, with a
maximum HPM count. It is important to mention that the constant re-
sponse of SDS and HPM during depletion, i.e., constant particles count,
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Table 3
Saturation pressure and AOP determined for the evaluated system of methane
and dead crude oil at reservoir condition (70 °C).

methane content, % mol CCE saturation pressure, MPa AOP, MPa
65.0 46.5 -
67.5 54.2 -
70.0 60.1 -
72.5 66.3 75.2
75.0 74.8 82.7
85 T T T T T T T T T
4 g 4
---A---Psat CCE ’
804 epsatHPM| e §

Pressure, MPa

T T T
65.0 67.5 70.0 725 75.0
CH, mole composition, %mol

Fig. 12. P-composition diagram for methane and crude oil mixtures at reservoir
conditions (70 °C).

no observation of particulate appearing, and SDS monotonal behavior,
allows to confirm the absence of any other phases at pressure above the
bubble point pressure. The difference on particle count between the
systems could be associated with the initial estate of the HPM sapphire
windows that represent a base line for each analysis.

Moreover, for these systems bubble point maximum difference ob-
tained by using CCE and HPM was observed for 70.0 methane mol%,
with a value of 2.05 MPa, with a 3.42% difference. It is interesting to
remember that bubble point from CCE is always lower than HPM
analysis. These differences could be associate to the accuracy

techniques. During HPM test, the systems depletion is performed con-
tinuously, in difference with the equilibrium steps considered in CCE
analysis. It has been reported in the literature that the depressurization
rate could have influence in the bubble point pressure [50], and it could
be related with the difference obtained by the two methods. It is ex-
pected that the CCE results were more accurate, by the consideration of
the equilibrium steps during depletion [50]. The approximate error for
the bubble pressure points determination, by intermediate of each
technique, is within 100 psi (0.69 MPa).

Figs. 7-10 present HPM results for systems with higher methane
content (72.5 and 75.0 mol%). It can be seen that micrographs and
particles count confirm the appearance of another phase. This result is
in accordance to SDS NIR transmittance, where there is a decrease on
this signal when phase transition is observed. Fig. 7 shows SDS NIR
transmittance along with HPM count for the system with 72.5 methane
mol %. It is shown that there is an increase in HPM count during de-
pletion, at the same pressure (75.15 MPa) SDS NIR decreases in the CCE
test. This event could be related to a phase transition. It could be as-
sociated with asphaltenes (aggregation or flocculation) that contribute
to decrease NIR transmittance. Likewise, Fig. 8 shows the formation of a
fine dispersed phase, around 75.15 MPa. This phase shows no tendency
to aggregate to form clusters. Also, it is remarkable that the phase
disappeared entirely when the system reached bubble point pressure.
Although asphaltenes are recognized to form fractal aggregates or flocs
[33], micrographs do not show any fractal agglomeration.

Same behavior was obtained for 75.0 methane mol% system, as
presented in Figs. 9 and 10. Nevertheless, phase transition event was
more evident, for HPM test, even for SDS analysis. Fig. 9 depicts a sharp
increase in HPM particles count. Once again, SDS NIR transmittance is
in accordance to HPM results, i.e., SDS signal decrease at the same
pressure where phase transition was detected by HPM test. Fig. 10
shows that this phase is characterized by form a fine particulate dis-
persed phase with no fractal aggregates despite higher particles count.
Additionally, it was observed that when near saturation pressure was
reached, there is a decreasing in fines asphaltenes particles. It is im-
portant to mention that this behavior was also observed for crude oils
with no problems of asphaltenes precipitations [33,51]. Also, residual
asphaltenes deposits in the sapphire until gradually dissolve with
pressure decreasing. It is well known that crude oil properties, as low
content of asphaltenes and high resins/asphaltene ratio, could con-
tribute to the no asphaltenes aggregation and fine dispersion formation.

Moreover, stability of the asphaltenes could be associated with this
no typical low aggregation and fine dispersion formation, observed in
the micrographs. The stability could be verified using models that take
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in account crude oil composition, based in SARA fractionation
[46,47,52]. It has been reported that combined Sepilveda’s criterions,
i.e., Quantitative-Qualitative analysis (QQA), and Stability Cross Plot
(SCP), results in better prediction of asphaltene stability for crude oils
[46,47]. When QQA and SCP method was applied, based on SARA
composition of the used crude oil presented in Table 1, stable asphal-
tenes were predicted by both methods. The crude oil properties and the
resulted asphaltene stability, could be related with the observed fine
dispersion, low aggregation and fast dissolution of the particulate ob-
served by the HPM.

In order to better understand these atypical results showed for
systems with higher methane content (72.5 and 75.0 methane mol%), a
new experiment has been done for the system with 75.0 methane mol%.
A depressurization until AOP and then a compression until monophasic
condition, as showed in Fig. 11. This figure presents the variation of
SDS signal when system is depressurized to the AOP from the mono-
phasic condition, and also compared with the SDS response when
compressed. During the expansion, SDS signal increases due to the re-
duction in system density until the AOP was reached and the signal
sharply decrease by particles interference. After 5min, a micrograph
was taken and it shows a fine dispersion, as described previously. After
that, the system was repressurized until initial monophasic condition.
During this compression, it was observed a decreasing in SDS signal that
could be related to the increasing on the system density, until the
monophasic pressure was reached. At this point, SDS signal recovers
almost the original NIR transmittance, i.e., 1.4 uW vs 1.5uW at the
beginning of the test after the equilibration time. With less than 5 min
of equilibration time, no asphaltenes were detected by HPM as one can
note in the Fig. 11. Redissolution of the asphaltenes appears to be
achieved with no kinetic restrictions. Although reports about slow re-
dissolution of asphaltenes [27,28,33], the observed asphaltenes beha-
vior support a thermodynamic phase transition with specific depen-
dence of system states variables.

In summary, phase transitions (saturation pressure and AOP) for the
system crude oil + methane at different methane content were listed in
Table 3. Also, a pressure against composition diagram is presented in
Fig. 12. From these data, it could be state that there is a slightly dif-
ferent on saturation pressure obtained by two different methods.
Nevertheless, these results are in a good agreement between them. In
addition, there is an increasing in saturation pression with the in-
creasing on methane content, as expected. For the higher methane
content systems (72.5 and 75.0 methane mol%), phase transition was
observed with the formation of fine non-aggregate fine particles.

4. Conclusions

Brazilian pre-salt crude oil phase transitions were studied by in-
termediate of the addition of methane (from 65.0 to 75.0 methane mol
%). Pressure-volume curves show a slight phase transition, by in-
creasing methane molar content, along with the increasing of saturation
pressure. For systems with higher methane molar content (72.5 and
75.0 methane mol %) a phase transition was detected by CCE test and
HPM analysis. CCE test shows a SDS NIR transmittance variation during
phase transition that could be associate with asphaltenes, that was
confirmed by HPM analysis. This phase is characterized as a fine non-
aggregate particles, with no fractal geometry. Asphaltenes solubility
test reveals that there is a dissolution phenomenon of these particulate
phase, with no hysteresis in NIR transmittances during depletion and
compression cycling. This behavior could indicate a pure thermo-
dynamic phase transition, with diminutive kinetic restriction for as-
phaltenes dissolution.
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