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A B S T R A C T

The rheological behavior of waxy crude oils at low temperatures is highly dependent on pressure, temperature, 
and composition. This study investigates the effects of pressure, pressurization conditions, and aging on the flow 
behavior and yield stress of three waxy crude oils with different wax contents and WAT values. Differential 
scanning calorimetry and high-pressure rheometry were performed under controlled thermal and pressure 
conditions up to 300 bar. Viscosity followed an exponential pressure dependence consistent with Barus law, with 
piezoviscous coefficients of 18–20 GPa⁻¹ at 60 ◦C and 26–32 GPa⁻¹ at 4 ◦C. Pressure increased the WAT by 
approximately 0.25 ◦C MPa⁻¹ and promoted earlier gelation. When applied at the onset of cooling, pressure 
significantly enhanced gel strength, whereas late pressurization reduced yield stress and produced a more 
gradual yielding process. After 1 h of aging, yield stress increased by approximately 0.3% per bar. The pres
surizing medium also affected the gel structure. Using crude oil as the pressure-transmitting fluid produced the 
highest gel strength, while nitrogen caused minor reductions and helium induced a more pronounced weakening 
effect. The extended Sisko-Barus model accurately described the flow behavior. These findings demonstrate that 
pressure history and aging significantly modify gel structure and yield behavior, with important implications for 
flow assurance in subsea pipeline operations.

1. Introduction

Crude oil from deep-water or Arctic wells is often exposed to low 
temperatures during production and transportation. Under these con
ditions, when flow stops, the temperature of the crude oil can drop 
below the wax appearance temperature (WAT). This leads to the initial 
crystallization of n-paraffin in the liquid phase. This partial liquid-solid 
transition continues below the pour point, resulting in extensive wax 
crystal flocculation, which promotes undesirable phenomena such as 
fluid gelation and deposition. Ultimately, this can lead to pipeline 
blockage ([1–5]).

The gelation of crude oil at low temperatures is a complex process 
influenced by several factors [6], including the nature and composition 
of the crude [7] , thermal and shear histories [1,8], initial cooling 
temperature [9,10], cooling rate, and pressure [11,12]. The interaction 
among high-molecular-weight components, such as crystallized n-par
affins, and the presence of resins [13] and asphaltene clusters also in
fluence both wax crystallization and gelation in crude oil [14–17]. In 

addition, the presence of emulsified water droplets plays a critical role in 
promoting gelation and nucleation, with smaller droplets and higher 
water volume fractions increasing nucleation rates [18]. These phe
nomena induce intricate structural changes within the fluid matrix, 
significantly affecting the rheological behavior of the crude. Specif
ically, the fluid transitions from simple Newtonian behavior at tem
peratures above the WAT to complex non-Newtonian behavior near and 
below the pour point, develops shear thinning, yield stress, and thixo
tropic effects [19–22]. This non-Newtonian behavior has profound im
plications for flow assurance in pipelines, particularly in terms of system 
sizing, the frequency of remedial operations [23], and the design of 
restart processes following programmed or accidental shutdown [1,
24–26,4,27,28].

The thermo-rheological complexity of waxy crude oils at low tem
peratures makes it difficult to determine reliable and reproducible flow 
properties in these systems [29]. Researchers have undertaken extensive 
efforts to address this issue by controlling relevant variables during 
experimentation [30]. These include crude composition, light ends, 
previous shear and thermal histories, cooling rate, and aging [31–33]. 
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Yield stress is recognized as a crucial rheological parameter for 
designing the restart process in gelled pipelines and has received 
particular attention. Wardhaugh and Boger [34] defined three types of 
yield stress: elastic at low deformation, followed by a static or true at 
intermediate deformation, and dynamic at high deformation which is 
associated with fracture and the onset of flow. From a practical stand
point, the solid-liquid transition occurs once critical stress is exceeded, 
resulting in observable flow of the material [35]. The value attributed to 
this critical yield stress/strain depends on the specific definition adopted 
([36,24,31,26,37]. Furthermore, flow instabilities such as wall slip can 
significantly affect the accurate determination of rheological properties 
such as yield stress due to the complex particulate structure and visco
elastic nature of gelled crude oil. Dimitriou et al. [38] demonstrated that 
wall slip can markedly alter the bulk flow behavior, underscoring the 
importance of accounting for this phenomenon in pipeline flow mea
surements. Marchesini et al. [21] proposed an experimental protocol 
designed to ensure consistent thermal and shear histories, thereby 
minimizing variability introduced by wall-slip effects during measure
ments. More recently, Marinho et al. [39] investigated the impact of wall 
slip on gelled waxy oils. They concluded that understanding such effects 
is essential for deriving the accurate rheological properties required for 
the effective design of transport systems. Various methodologies have 
been proposed to mitigate wall-slip issues, including the use of vane 
geometries [40,41] and roughened surfaces [42,39].

The rheological characterization of gelled crude oils is typically 
carried out under ambient pressure conditions [9,43,44,21]. However, 
these conditions differ substantially from the high-pressure environ
ments encountered on the seabed. This discrepancy is particularly 
relevant during shutdowns and the restart of a pipeline obstructed by 
gelled crude because high-pressure pumping conditions are required to 
break the gel and reinitiate flow [45]. Recent studies have shown 
increasing interest in examining the effects of pressure on oil systems 
[46–48]. Vieira et al. [49] 2223F2investigated the impact of pressure on 
wax crystallization using differential scanning calorimetry (DSC) and 
various saturation gases to simulate real flow conditions occurring in 
pipelines during temperature decreases. Their careful selection of 
experimental conditions yielded reproducible results, revealing that wax 
solubility is negatively affected by pressure. Additionally, Li and Gong 
[50] examined the impact of pressure on waxy crude oil containing 
water and found that pressure increased WAT values, approximately 0.1 
◦C/MPa, while water content had a minimal effect on WAT evolution. 

Similarly, in their study, Li et al. [12] explored the effects of a 
pressure-responsive additive on wax crystallization and the rheological 
properties of crude oil under nitrogen pressure. They observed a slight 
increase in WAT with rising pressure, which was consistent with other 
previously reported studies [51,49] 25F2. They noted substantial in
creases in viscosity and yield stress at temperatures well below the 
WAT/pour point using inert gas (NR2R) to pressurize the samples. 
Mortazavi-Manesh and Shaw [52] 26F examined the rheological 
behavior of Maya crude oil under varying pressure conditions and 
determined that pressure heightened the viscosity and accelerated the 
reconstruction of the microstructure. In this regard, Sakthivel and 
Velusamy [53,54] demonstrated that selected ionic liquid additives can 
mitigate these negative effects. These studies demonstrate that flow 
operations became more susceptible to the effects of non-Newtonian 
behavior under pressure. Despite these previous investigations under 
pressure, there is still a lack of a consistent mechanistic understanding of 
how pressure alters crystallization thermodynamics, microstructural 
reconstruction, and yield stress development that motivated this work. 
In particular, the combined effect of pressure magnitude, pressure his
tory, and pressurizing medium has not been systematically examined 
under controlled rheological conditions. In this context, the primary 
objective of this study is to examine the rheological behavior of selected 
waxy crude oils by evaluating the effects of pressure, pressure history, 
and pressurizing fluids on the non-Newtonian behavior and yield stress 
of gelled crude oils at temperatures below the WAT.

The underlying hypothesis of this work is that pressure not only shifts 
thermodynamic equilibrium conditions, as reflected in the increase of 
WAT, but also modifies the structural organization and compaction of 
the wax crystal network during gel formation, thereby controlling the 
magnitude and pressure-history dependence of the measured yield 
stress.

This study bridges the lack of systematic understanding of how 
pressure affects the microstructural development and gel strength of 
waxy crude oils below the pour point. It also addresses the need to 
validate experimental protocols that isolate pressure effects from ther
mal and shear histories under controlled laboratory conditions, as well 
as the limited quantitative information available on how different 
pressurizing media influence yield stress and non-Newtonian behavior 
during gel formation. By tackling these issues, this study aims to provide 
physically consistent insights into pressure-dependent gelation mecha
nisms relevant to subsea pipeline operation.

This study presents the novel determination and comparison of yield 
stress in gelled crude oils under pressure and temperature conditions 
representative of the seabed, evaluating the effect of pressurizing with 
different fluids (liquids and gases). These results can contribute to the 
development of predictive models that can extrapolate laboratory 
measurements to subsea environments (high pressure and low temper
ature), which can help with the engineering design of pipeline restart 
operations.

2. Materials and methods

2.1. Materials

Three dead crude oil samples, designated as Sample S, Sample L, and 
Sample M, were provided by Repsol S.A. The physical properties of the 
crude oil samples, including API gravity, wax appearance temperature 
(WAT), and SARA fractions, are presented in Table 1.

2.2. Methods

2.2.1. Differential scanning calorimetry (DSC)
Calorimetric analyses were conducted using two calorimeters. Ex

periments at ambient pressure were carried out with a modulated T-zero 
calorimeter TA Instruments Q100 (USA). Samples of about 10–15 mg, 
enclosed in hermetic aluminum pans, were subjected to a cooling 

List of Acronyms
WAT Wax appearance temperature (◦C)
η Viscosity (Pa⋅s)
η∞ Infinite-shear viscosity in the Sisko model (Pa⋅s)
no Flow index of the Sisko model (-)
ko Consistency index (Pa⋅s(n

o
+n
1
⋅P )

k1 Fitting parameter describing the pressure dependence 
of the consistency index (Pa⋅s(n

o
+n
1
⋅P)/bar)

n1 Fitting parameter describing the pressure dependence 
of the flow index (bar-1)

βo Barus piezoviscous coefficient at constant temperature 
(bar-1)

β₁ Fitting parameter describing deviations from the Barus 
coefficient (bar-2)

P Applied pressure (bar)
Pr Reference pressure (bar)
γ̇ Shear rate (s-1)
τ Shear stress (Pa)
γ Deformation (-)
N₂ Nitrogen gas
He Helium gas
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temperature program from 80 ◦C to − 50 ◦C, at the rate of 5 ◦C/min.
High-pressure calorimetry was performed using a Calvet SETARAM 

3D C80 micro-calorimeter equipped with high-pressure stainless-steel 
cells of 2.5 mL capacity. This device accommodates a significantly larger 
sample volume than conventional T-zero calorimeters (up to 2500 mg), 
which, when combined with the high sensitivity of the 3D sensor, en
ables the detection of subtle thermodynamic transitions. The measure
ment protocol consisted of the following three consecutive steps: (1)
linear heating from room temperature up to 80 ◦C at a rate of 1 ◦C/min, 
(2) isothermal equilibration at 80 ◦C for 1.5 h, (3) cooling down to a 
temperature of 30 ◦C (the lower temperature limit of this device), at a 
rate of 10 ◦C/h (0.1667 ◦C/min). Samples were pressurized either with 
the crude oil itself or with inert gases (N2 and He) to a pressure of 300 
bar, using an automatic Teledyne-Isco pump (model 260D, USA).

2.2.2. Rheological characterization
The rheological characterization of the crude oils was conducted in a 

Controlled-Stress Rheometer (Haake Mars II, Germany), which was 
equipped with various geometries and a coaxial cylinder pressure cell. 
Atmospheric pressure rheological data were obtained using several 
standard coaxial cylinder geometries (inner diameters of 27 mm and 41 
mm, respectively, and a gap of 1 mm). In addition, rough surface plate- 
plate and coaxial cylinder geometries were used to minimize the influ
ence of wall slip. Pressurized rheological data were obtained at 300 bar 
using a non-conventional coaxial cylinder pressure cell (D400/300), 
equipped with an inner cylinder of 37 mm diameter and a 1 mm gap 
(PZ37R). Both the pressure cell and the inner cylinder were mechani
cally modified to provide roughened surfaces. The cell was magnetically 
coupled to the rheometer. A DC5 circulating water bath (Haake) was 
used to control the temperature (with a precision of ±0.1 ◦C) during 
cooling, aging, and rheological measurements.

2.2.3. Temperature and pressure cooling protocol
The preparation of waxy crude oil samples for rheological charac

terization consisted of three main steps, as described by Marchesini et al. 

[21]. First, the entire sample was homogenized at 80 ◦C in a closed 
container for 30 min with intermittent agitation and storage at 60 ◦C. In 
the second step, the sample was placed on the rheometer and cooled to 
the measurement temperature while at rest, with a cooling rate of 10 
◦C/h (0.166 ◦C/min). In the third step, the sample was aged at rest for 
one hour before the rheological test. Additionally, the ageing period was 
extended to 8 h for selected samples. Each test was performed in 
duplicate, with a relative standard deviation of 5% or less between 
replicates.

The waxy crude oil samples were pressurized using an automatic 
Teledyne Isco pump (model 260D) according to the experimental 
configuration shown in Fig. 1. The crude oil was poured into the D400/ 
300 pressure cell at 60 ◦C. The cell was then sealed and mounted on the 
rheometer's cooling/heating system. The sample was pressurized with 
either liquid crude oil or inert gas at ambient temperature to transmit 
pressure. A sample cylinder was used to separate the pressurizing fluid 
from the test crude oil and to prevent direct contact between the two. In 
a separate set of experiments, inert gases (N₂ and He) were used directly 
as pressurizing fluids, allowing contact with the crude oil sample.

In every experiment, the pressure cell was filled by pumping fresh 
crude oil from the sample cylinder at 60 ◦C. The operating sequence 
depends on the pressurizing medium used.

(A) Crude oil as pressurizing fluid 

1. The pressure cell was filled by opening valves 2, 3, 7, and 8, while 
valves 4, 5, and 6 remained closed.

2. Air was removed prior to filling either by applying a vacuum (≈1 
mbar) through valve 5 or by inverting the cell and venting through 
valves 4 and 5 while valve 3 was closed.

3. Once filled and sealed, pressure was applied by the Isco pump to the 
sample cylinder. The floating piston transmitted pressure to the test 
crude oil without direct mixing between the pressurizing fluid and 
the sample.

4. The desired pressure was then maintained during the cooling and 
aging stages.

Table 1 
Physical characteristics of the crude oil samples.

Crude 
Sample

API 
Gravity

Density at 
15 ◦C (g/ 
mL)

Density at 
40 ◦C (g/ 
mL)

Dynamic 
viscosity at 60 ◦C 
(mPa⋅s)

WAT 
(℃)

Pour 
Point ( 
◦C)

Wax 
contenta (wt 
%)

Saturates 
(wt%)

Aromatics 
(wt%)

Resins 
(wt%)

Asphaltenes 
(wt%)

Crude S 29.0 0.8823 0.8635 8.5 26.88 6 8.27 53 12 34 1
Crude L 22.7 0.9183 0.8823 34.4 50.5 12 5.02 48 15 31 5
Crude M 28.2 0.8866 0.8656 7.7 36.51 9 4.49 53 9 35 3

aValues obtained from DSC at 5 ◦C/min.

Fig. 1. Schematic diagram of the experimental setup developed for yield stress measurements under pressure (control valves are indicated as 1–9).
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(B) Inert gas as pressurizing fluid in direct contact with crude oil 
(N₂₂ or He) 

1. The pressure cell was first filled with crude oil, up to the measure
ment zone (slightly above the inner coaxial-cylinder height; gray 
region in Fig. 1).

2. Valves 6, 7, 8, and 3 were closed to isolate the sample.
3. Valves 9 and 4 were opened to allow the inert gas to pressurize the 

crude oil directly.
4. The gas remained in contact with the crude oil throughout the 

cooling, aging, and rheological testing stages.

In all configurations, the Isco pump supplied and regulated the 
pressure via valves 2 and 4, ensuring stable pressure control during the 
entire pressure–temperature program.

3. Results and discussion

3.1. Rheological and thermal behavior of crude oil under pressure

It is well known that crude oils behave like Newtonian liquids at 
temperatures above the wax appearance temperature (WAT). Well 
above the WAT, paraffins remain in the liquid state, and viscosity be
comes independent of both thermal and shear histories. From a rheo
logical perspective, the crude behaves as a simple fluid characterized by 
a constant viscosity at a given temperature (see Table 1). The effect of 
pressure on rheology in the liquid regime is an increase in viscosity, as 
has been pointed out elsewhere [50,55]. In this range of pressure, vis
cosity follows an exponential trend that can be described by a piezo
viscous or pressure coefficient. The values of the piezoviscous coefficient 
at 60 ◦C were calculated using the exponential Barus’ law between 
ambient pressure and 300 bar, yielding values of 18.6, 20.0, and 18.7 
GPa⁻¹ for crudes S, L, and M, respectively. These values are typical for 
hydrocarbons in the liquid regime [55–57].

In contrast, below the WAT, the rheological behavior of waxy crude 
oil is strongly dependent on the thermal and shear histories, particularly 
within the temperature range in which paraffin crystallization occurs 
and the subsequent fluid gelation [21,8]. This region can be determined 
using several techniques, including viscometry, microscopy, and dif
ferential scanning calorimetry (DSC) [58,11]. In this study, Fig. 2 shows 

the thermograms as cooling curves obtained from conventional DSC. 
The onset of the first endothermic peak (Fig. 2A) has been characterized 
as the WAT, according to Kok et al. [59,60]. The corresponding values 
for the samples studied are presented in Table 1. Crude oil S exhibits the 
lowest WAT, approximately 26 ◦C, and the highest wax content at 8%. 
Crude oils L and M show similar wax contents of around 5 wt%, but 
markedly different WAT values. Crude oil L presents the highest WAT, at 
approximately 50 ◦C, as can be observed in Fig. 2A, whereas crude oil M 
shows an intermediate value of 36.5 ◦C. One possible explanation for 
this is that the n-paraffins in crude L have longer chains, resulting in 
structures with higher melting points. In addition, the high asphaltene 
content can provide surfaces for wax crystals to adhere to, leading to 
aggregation and promoting the higher melting point [61,15].

The effect of pressure on the DSC cooling curves is presented in 
Fig. 2B For crude L, the WAT determined at lower cooling temperatures 
was slightly shifted to higher temperature values (53.7 ◦C). Pressure 
increased the WAT up to 61.4 ◦C at 300 bar, corresponding to an in
crease of 0.25 ◦C/MPa. This value is slightly higher than that reported 
for the increase of WAT with pressure determined by rheological mea
surements but of the same order as the change in melting point reported 
for n-paraffins under pressure [12]. This effect has been attributed to the 
development of a more compact crystalline structure under pressure by 
high-molecular-weight paraffins [31,62]. In this regard, the background 
effect of pressure on the Calvet calorimeter was analyzed by measuring 
the onset of indium crystallization at the same cooling rate. This resulted 
in an increase of 0.045 ◦C/MPa between ambient pressure and 500 bar. 
This indicates good stability in measuring phase transitions under 
pressure with this device. For samples S and M, the WAT displacement 
with pressure occurred near the lower temperature limit of the Calvet 
calorimeter, and it was not possible to determine it accurately under 
these experimental conditions.

At temperatures below the WAT [63]27F, waxes and high molecular 
weight components crystallize [60], as can be deduced from the 
exothermic event shown in the cooling curves of Fig. 2. Crystallization 
leads to a progressive liquid-solid transition associated with the onset of 
non-Newtonian behavior, as shown in Fig. 3, where the flow curves at 4 
◦C, well below the WAT, are displayed. The liquid-solid transition is 
more apparent at lower temperatures in samples exhibiting higher WAT 
and greater wax content, as has been pointed out elsewhere [31,61,64].

The gelled structure, resulting from the presence of interconnected 

Fig. 2. DSC cooling curves for the crude oil samples tested. (A) Cooling thermograms obtained from conventional T-zero DSC at a cooling rate of 5 ◦C/min for 
samples S, L, and M. (B) Cooling thermograms obtained from Calvet DSC at 0.1667 ◦C/min (10 ◦C/h) for sample L.
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soft solid phases, gives rise to complex rheological behavior such as time 
dependence and pseudoplasticity, including the appearance of yield 
stress [65]. When this structure is disrupted by an applied stress above 
the yield stress value, a significant decrease in viscosity is observed, 
accompanied by a high degree of pseudoplasticity. This behavior can be 
modeled by a power law at low and intermediate shear rates, with a 
tendency to reach a limiting viscosity value at higher shear rates, as 
described by the Sisko model [66]. The Sisko model can be generalized 
to include the effect of pressure on the flow behavior at constant tem
perature, resulting in the Sisko-Barus model [48], which has been 
applied to oil-based drilling fluids [67,68]. 

η =
(
η∞ +(k0 + k1(P − Pr))⋅γ̇(n0+n1(P− Pr))− 1)exp

(
βo(P − Pr)+ β1(P − Pr)

2)

(1) 

where k1 and n1 are fitting parameters that evaluate the impact of 
pressure on the consistency and flow indexes of the classical Sisko 
equation. βo is Barus’s piezoviscous coefficient at constant temperature, 
and β₁ is a fitting parameter that accounts for deviations of Barus’s 
piezoviscous coefficient at higher pressures. P and Pr are the applied and 
reference pressures, respectively. In this approach, the effect of pressure 
is quantified mainly by its contribution to the bulk viscosity of the sys
tem, represented by the classical Barus pressure coefficient (βo), together 
with a linear estimation of possible deviations from this dependence in 
the consistency and flow indexes, and in the piezoviscous coefficient, 
that may occur at higher pressures [68]. The values of the parameters of 
the Sisko model are shown in Table 2.

At this temperature, pressure mainly causes a marked exponential 
increase in viscosity values at a given shear rate. Nevertheless, pressure 
does not substantially modify the values of the consistency and flow 
indexes of the crude oils tested. Consequently, the parameters k1, n1.and 
β₁ have very low values in this pressure-temperature range and can be 

set to zero without significantly decreasing the precision of the model. 
The piezoviscous coefficients at 4 ◦C, calculated using the exponential 
model between 0 and 295 bar, are higher than those obtained above the 
WAT, with values of 25.9, 32.0, and 24.4 GPa⁻¹ for samples S, L, and M, 
respectively. The observed increase in the piezoviscous coefficient at 
low temperatures has been previously reported by several authors [12,
56]. The gelled structure that forms at lower temperatures consists of 
interconnected wax crystals that trap solvent oil and components that 
have not crystallized [1,31]. This high degree of association increases 
molecular friction under flow due to the greater density of these 
compact structures at low temperatures.

3.2. Determination of yield stress in the pressure cell

The determination of yield stress in waxy crude oil is a complex task 
due to the intricate nature of these materials. The solid-liquid transition 
occurs beyond critical stress that results in observable flow of the ma
terial [31]. The value attributed to this critical yield stress depends on 
the specific definition of critical stress and the criteria adopted for 
considering that the material is flowing. In addition, the use of pres
surized geometries may introduce additional sources of error that can be 
quantified by comparing the results obtained from conventional and 
non-conventional geometries. In this regard, Fig. 4 compares the vis
cosity curves versus shear stress measured using both conventional co
axial cylinders and pressurized coaxial cylinders for the crude oils 
studied at atmospheric pressure.

As can be observed (Fig. 4), for crude oils S and M a sudden drop in 
the viscosity curves versus shear stress is observed, with yield-stress 
values of 65.6 ± 5 Pa and 268.5 ± 7 Pa, respectively. This indicates a 
sharp breakdown of the gelled structure, which is the main character
istic of the solid-liquid transition for these samples and permits the 

Fig. 3. Evolution of viscosity as a function of shear rate for the crude oil samples measured at atmospheric pressure (A) and at 295 bar (B) using pressurized ge
ometry. Viscosity measured using the conventional coaxial-cylinder geometry at atmospheric pressure (solid lines) is included for reference.

Table 2 
Parameters of the extended Sisko-Barus model for the crude oils studied at 4 ◦C.

ko  

(Pa⋅s(n
o
+n
1
⋅P))

k1 

(Pa⋅s(n
o
+n
1
⋅P)/bar)

no n1 

(bar-1)
η∞ 

(Pa⋅s)
βo 

(bar-1)
β1 

(bar-2)
R2

Crude S 8.18±0.07 0 0.0407±0.002 0 0.0744±3⋅10–4 0.00259±1⋅10–5 0 0.989
Crude L 129.6 ± 0.5 0 0.010±0.001 0 1.491±3⋅10–3 0.0032±1⋅10–5- 0 0.995
Crude M 53.0 ± 0.2 0 0.012±0.001 0 0.0472±3⋅10–4 0.00244±7⋅10–6 0 0.998
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unambiguous determination of a critical yield stress value, indepen
dently of the device used, conventional or pressure cell. Nevertheless, 
for crude oil L, the yielding process is more complex: the initial solid-like 
state degrades into a liquid-like state through an intermediate visco
elastic region, characterized by a stepwise drop in viscosity as shear 
stress increases. The multi-stage yielding process suggests the presence 
of a heterogeneous gel formed by several phases of different strength 
[26,37]. This interpretation is supported by the occurrence of multiple 
crystallization events in the DSC thermograms (see Fig. 2A). These 
events likely reflect the solidification of different paraffinic fractions 
over a range of temperatures, leading to the formation of crystalline 
domains with varying structural organization and mechanical strength. 
As a result, the gel network of crude oil L may exhibit spatial hetero
geneity, with regions of different rigidity and connectivity. Under 
increasing shear stress, these domains are expected to undergo pro
gressive structural breakdown rather than a single catastrophic failure, 
consistent with the observed stepwise decrease in viscosity and the 
extended viscoelastic region [16]. This structural heterogeneity pro
vides a plausible explanation for the multi-stage yielding behavior and 
the difficulty in defining a single, well-defined yield stress value for this 
sample, as heterogeneous solid-liquid transitions have been previously 
reported in waxy systems [5].

However, a representative yield stress value of 228.5 ± 18 Pa was 
measured at the first inflection point of the viscosity-stress curve. The 
actual viscous-flow region extends beyond this value up to approxi
mately 260 Pa. Pressurized geometries introduce additional instabilities 
in the viscosity-stress curve shape for the highly viscous crude oil sam
ple. For crude oils S and M, which have lower viscosities at 60 ◦C and 4 
◦C (see Table 1 and Fig. 3, respectively), the influence of the lower 
sapphire bearing of the pressure geometry on viscosity can be consid
ered negligible. However, for crude oil L, the yielding process extends 
over a wide range of shear stress when the sample is tested using the 
pressure geometry, near 285 Pa. Nevertheless, from a practical point of 
view, significant flow of the sample occurred at higher stress values due 
to the influence of the viscous background at this temperature [69]. 
Additionally, it has been reported that roughened cylinder geometries 
do not entirely prevent wall slip. This may compromise the quantitative 
accuracy of yield stress determination, thereby minimizing its value [40,
39]. However, in this study, the contribution of wall slip is assumed to be 
minimal compared to other experimental limitations, such as the pres
ence of sapphire bearings in contact with the gelled oil.

3.3. Influence of pressure on the yielding process

The influence of pressure on the gelation of waxy crude oils and its 
subsequent effect on the yielding process is a matter of considerable 
importance in the context of pipeline restart operations in subsea envi
ronments [34]. In deepwater oilfields, crude oil may cool and gel after 
shutdown under static conditions. These conditions are characterized by 
low temperatures and high hydrostatic pressures that increase with 
depth (e.g. approximately 4 ◦C and 300 bar at a depth of around 3000 
m). To study the influence of the pressure history on the yielding 
behavior of crude oil, pressure was applied at various stages of the 
cooling process, as outlined in the experimental section (2.2.3). As a 
standard procedure, a pressure of 300 bar was progressively applied to a 
crude oil sample in the liquid state at 60 ◦C, using the crude itself as the 
pressure-transmitting fluid. This pressure was maintained throughout 
the gelation process until the yield stress was measured, as described in 
Fig. 5A.

As shown in Fig. 5B, where crude oil S is presented as an example, 
pressure significantly influences both the yielding process and the 
magnitude of the yield stress. When pressure is applied at the beginning 
of the cooling process, at 60 ◦C, and maintained throughout the gel 
formation process, the yield stress increases from 65.6 ± 5 Pa to 152.4 ±
6 Pa. Moreover, a comparison of the stress-strain curves at 0 and 300 bar 
shows that the transition from solid-like to liquid-like behavior is very 
similar at both pressures, except for the value of the yield stress 
measured. Previous studies, and the DSC results obtained in this work, 
show that the gelation temperature increases with pressure. Therefore, 
pressure induced structuring occurs earlier, and gel strength is 
enhanced, leading to higher yield stress values [45,50,12,52,56,49]. In 
addition, DSC results (Fig. 2) indicate an increase in the extent of crys
tallization under pressure within the experimentally accessible tem
perature range. Since crystallization begins at higher temperatures 
under pressure, the temperature interval available for crystal growth 
before reaching 4 ◦C is extended. This modification of the crystallization 
window may contribute to the development of a mechanically stronger 
gel network during cooling under pressure. Consequently, the higher 
solid fraction and enhanced crystal-crystal interactions within the 
compacted matrix may partly explain the increase in yield stress values 
observed at 300 bar.

A negative influence on the yielding process is observed when 
pressure is applied at the end of the cooling ramp, just at the start of the 
aging process. These conditions are less representative of real field 
scenarios; however, they can shed light on how pressure affects the 
mechanical behavior of the gelled structure. In this case, the yield stress 
decreases to 52.8 ± 6 Pa, which is lower than the value recorded at 
atmospheric pressure (65.6 Pa). Moreover, the transition from solid-like 
to liquid-like behavior is not gradual, and a shoulder appears in the 
stress-strain curve at intermediate deformations, increasing the uncer
tainty in determining the yield stress value accurately. Furthermore, 
when pressure is applied at the end of the aging period, immediately 
before the rheological test (i.e. no aging under pressure), the yield stress 
decreases even further to 33.7 ± 6 Pa, making it even more difficult to 
determine the yield stress value accurately. Regardless of the yield stress 
magnitude, which clearly depends on pressure kinetics, all samples 
exhibit similar dynamic yield stress following fracture.

These results may be explained by hypothesizing the formation of 
different internal structures during the cooling process under pressure. 
These structures are likely to produce distinct fractured behaviors 
depending on when, and for how long, the sample was pressurized. It is 
well established that the structure of waxy gels consists of an arrange
ment of wax crystals of varying sizes [70]. Hydraulic pressure applied 
during cooling is expected to result in more compact gelled structures 
with reduced void content compared with those formed at atmospheric 
pressure [56,49]. Consequently, these denser structures would exhibit 
higher yield stress values due to the increased degree of interaction 
between wax crystals within a compacted solid-like matrix. In this 

Fig. 4. Viscosity curves versus shear rate for the crude oils samples S, L and M, 
at atmospheric pressure and the temperature of 4 ◦C.
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context, the sharper fracture transitions observed in Fig. 5B, at both 
atmospheric pressure and 300 bar, can be attributed to the cohesive 
failure of a well-interconnected structure composed of large wax crystals 
that developed during the cooling and aging stages. This behavior is 
consistent with the dominant mechanism proposed for this cooling rate 
(10 ◦C/h) [65], with stronger interconnection forces occurring under 
pressurized cooling conditions.

In contrast, the gel structure formed under atmospheric pressure 
during static cooling conditions can develop a significant number of 
voids that are not uniformly distributed throughout the flocculated wax 
structure [70]. When pressure is applied immediately prior to the stress 
ramp, the gel undergoes a reduction in void content due to compression. 
This compression disrupts and fractures the flocculated network of 
physical linkages formed by wax crystallization during the cooling 
process, resulting in a partially weaker and less connected wax structure 

that exhibits reduced cohesive strength. Upon stress application, the gel 
exhibits a progressive loss of cohesiveness, characterized by a marked 
reduction in yield stress values and a non-uniform breakdown of the 
solid-liquid transition.

An intermediate situation occurs when pressure is applied at the 
beginning of the aging period. In this case, pressure also disrupts the 
gelled structure formed at atmospheric pressure during cooling. Prob
ably, the compaction under pressure described above partially breaks 
the flocculated mesoscale structure of the wax crystals, weakening the 
interactions among flocs, reducing the cohesive forces, and lowering the 
overall strength of the bulk structure. However, during the subsequent 
aging period of one hour, partial anisotropic reorganization and inter
connection of wax crystals may occur, leading to a partial recovery of 
the cohesion observed at atmospheric pressure. This partial recovery 
results in higher yield stress values and a stepped cohesive failure of the 

Fig. 5. Influence of pressurization on the yield stress. (A) Pressure-temperature-time protocols (pressure applied at the start of the cooling process and after 1 h of gel 
aging). (B) Stress–strain curves (pressure applied at the start (black), at the end (red), and after aging (green); the reference at zero manometric pressure is included as 
a thin black line).

Fig. 6. Effect of pressure and pressurization fluid on the yielding behavior of the crude oil samples, obtained from controlled stress tests at 4 ◦C. (A) Crude oil S. (B) 
Crude oil L. (C) Crude oil M.
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multiphase system. These results show that pressure history could play 
an important role in the gel strength of waxy crude oils and should 
therefore be considered when calculating restart pressure [7].

3.4. Influence of the pressurization fluid

The pressurizing fluid may also influence the fracture behavior and, 
consequently, the measured yield stress value, particularly if it is in 
direct contact with the crude oil. In this context, Fig. 6 presents the 
viscosity versus shear stress curves for crude oils S, L, and M, obtained 
under pressure with different fluids.

In all cases, the gel was formed following the cooling protocol shown 
in Fig. 5A, where a pressure of 300 bar was applied at the beginning of 
the cooling process (at 60 ◦C) and maintained constant until the end (at 
4 ◦C), including an aging period of 60 min. The experimental setup was 
adapted according to the characteristics of the pressurizing fluid. When 
pressure was applied using the crude oil itself as the pressurizing me
dium (see Fig. 1), the entire measuring cell was filled with the crude oil 
sample, including the inner magnetic coupling, upper sapphire bearing, 
measuring cylinder, and lower sapphire bearing. Pressure was applied 
automatically from the top by the Isco pump (valve 4 open) and main
tained at 300 bar throughout the cooling and gelation processes. These 
conditions represent a more realistic simulation of field operations in 
subsea pipelines [24]. Nevertheless, crude oil typically contains dis
solved light hydrocarbon gases, which can influence wax crystallization 
and often improve flowability by reducing WAT, pour point, and yield 
stress [71,11,72,73]. In contrast, the present study was conducted using 
degassed crude oil samples to isolate the intrinsic effects of pressure and 
pressure history on gel formation. Therefore, the rheological parameters 
obtained here should be interpreted as representative of a conservative 
scenario in which gas-dissolution effects are minimized. Caution should 
be exercised when extrapolating these quantitative values directly to 
live-oil field conditions.

As shown in Figu. 6A and C, a clear gel breakdown is observed for 
crude oils S and M, with yield stress values of 152.4 ± 6 Pa and 667.4 ±
22 Pa, respectively. However, crude oil L (Fig. 6B) exhibits a more 
complex transition under these experimental conditions, characterized 
by an initial elastic region, followed by an extended creep region in 
which viscosity progressively decreases as shear stress increases, and 
finally a dynamic yield stress beyond the experimental window. For this 
sample, it is more difficult to determine a precise critical yield stress, as 
less clear solid-liquid transition is observed. The value of 448.2± 27 Pa 
was taken as the yield stress. Nevertheless, at this stress value the sample 
shows a high viscosity (~10⁴ Pa⋅s), as can be seen in the viscosity-stress 
curve. Consequently, greater stress must be applied to achieve a prac
tically appreciable flow of the sample. These waxy crude oils present 
flowability issues due to wax crystallization, particularly at high pres
sures [56]. At 300 bar of crude pressure, the yield stress increases by 
132%, 90%, and 148% for crude oils S, L, and M, respectively. The 
combination of pressure and aging time promotes the development of a 
denser structure, increasing not only the viscosity values, but also the 
WAT and the non-Newtonian behavior of the gelled crude, which in
creases resistance to flow initiation, leading to higher yield stress values 
compared to atmospheric pressure at the same temperature.

To analyze the effect of pressurizing fluids on yield stress, two inert 
gases (N₂ and He) were used as pressure media, following the experi
mental setup outlined in Fig. 1. In these experiments, the crude oil 
sample covered only the lower sapphire bearing and the measuring 
coaxial cylinder. The magnetic coupling and upper sapphire bearing 
were filled with the pressurizing gas at a pressure of 300 bar. For this 
configuration, the pressurized gas remained in contact with the crude oil 
sample throughout both the gelation and measurement processes and 
could diffuse into the crude oil, altering the gelled structure and its 
properties [74,11,12]. As shown in Fig. 6, slightly lower yield stress 
values were measured when the samples were pressurized with N₂ 
(145.1 ± 5 Pa, 433.5 ± 23 Pa, and 557.6 ± 15 Pa for crude oils S, L, and 

M, respectively). Consequently, a smaller percentage increase in yield 
stress was observed under inert gas pressure compared to crude oil 
pressure (122%, 90%, and 107%, respectively). Furthermore, pressuri
zation with He also increased the yield stress values with pressure 
(approximately 40%, 73%, and 71% for crude oils S, L, and M, respec
tively) but resulted in a significant reduction in the yield stress values 
(92.1 ± 7 Pa, 405.8 ± 23 Pa, and 460.4 ± 16 Pa for S, L, and M, 
respectively) compared with pressurization with crude oil.

These data support that pressurization with gases alters the cohe
siveness of the gelled waxy structure formed under gas pressure during 
the cooling process, as has been previously reported for both model 
systems [75] and live crude oils [12,76]. The presence of gases in crude 
oil may act both as a solvent for paraffins and as a lubricant for 
high-molecular-weight hydrocarbons. These phenomena may reduce 
the cohesion among wax crystals and their adhesion at the surface, 
thereby weakening gel strength and resistance to flow, and consequently 
reducing the minimum stress required to break the structure and initiate 
flow. Under the experimental conditions studied, the use of inert gases 
as pressurizing fluids appears to have little effect on the fracture pattern 
of the tested crude oils, suggesting low gas diffusion kinetics compared 
with light hydrocarbon gases [77,73]. The accumulation of significant 
gas concentrations at the geometry/crude interface, together with the 
formation of microcavities that could partially reduce surface adhesion 
and modify the balance between adhesive and cohesive forces, does not 
appear to dominate the reduction in bulk cohesion associated with the 
lubricating effect of inert gases. Nevertheless, this assumption has not 
been experimentally corroborated. As shown in Fig. 6, the solid-liquid 
transition curves are similar for crude-oil and inert-gas pressurization. 
The presence of inert gases does not significantly alter the breakdown 
mechanism but does significantly influence the stress required to initiate 
flow. This indicates that the yielding process is primarily governed by a 
reduction in microscopic interactions between wax crystals, probably 
due to the lower amount of precipitated wax in the presence of inert 
gases, as reflected by the cumulative precipitated wax values shown in 
Fig. 2.

On the one hand, the differences in yield stress values for samples 
pressurized with N₂ can be considered within the expected range of 
experimental uncertainty, supporting the idea that N₂ is a suitable 
pressurizing fluid for conducting tests under pressure with minimal 
interference in the rheological properties of the sample [10,49]. 
Conversely, although He has been reported to exhibit lower solubility 
than N₂ in hydrocarbon systems [74], the reduction in yield stress 
observed under He pressurization may be associated with differences in 
gas–crude interactions under pressure. Fig. 2 shows that He resulted in 
the lowest cumulative precipitated wax fraction. Its smaller molecular 
size likely facilitates permeation through the network, reducing the 
degree of interconnectivity among wax crystals and resulting in lower 
cohesive energy than in the case of N₂. This behavior is consistent with a 
more effective lubricating action than that of N₂, thereby decreasing the 
mechanical resistance of the gel network [78]. This interpretation is 
based on thermodynamic considerations, as the molecular mechanisms 
underlying this behavior were not directly investigated in the present 
study.

Finally, the effect of aging time on crude oils S and L was analyzed. 
Fig. 7 shows shear-stress curves versus deformation at 4 ◦C and 300 bar 
of crude oil pressure for aging times of 1 and 8 h. As pointed out in 
previous studies [31,75], longer aging times increase the yield stress 
value at atmospheric pressure, but this effect appears to depend on the 
nature of the crude oil. Crude oil S was more sensitive than crude oil M 
to aging at atmospheric pressure, with its yield stress increasing by 90% 
(125 Pa) from 1 to 8 h, compared with an increase of 35% (363 Pa) for 
crude oil M over the same period.

The effect of pressure for longer aging times (8 h) is slightly less 
significant than that for 1 h. Taking as reference the value measured at 
atmospheric pressure after 8 h, the increase in yield stress was 100% 
(250 Pa) and 93% (703 Pa) for crude oils S and M, respectively. These 
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relative values are slightly lower than those obtained after 1 h of aging at 
300 bar (132% and 148%, respectively). Nevertheless, the combined 
effect of pressure and time (8 h - 300 bar) increases the yield stress by 
284% and 162%, respectively, compared with 1 h - 1 bar.

These results indicate that the properties of crude oil drastically 
affect the waxy structure and its resistance to flow. For crude oil S, the 
low viscosity facilitates the mobility of wax crystals during cooling and 
promotes the formation of highly ordered structures with a higher de
gree of interaction between crystals, leading to increased gel strength 
[79,8]. A longer aging period enhances the capacity for molecular ac
commodation within a more interconnected structure, which requires 
higher stress values to break and initiate flow [44,62,75]. In contrast, for 
crude oil M, which has high viscosity and a high WAT, the effect of 
increasing the aging period is less significant in the structuring process 
probably due to reduced molecular mobility, leading to lower structural 
enhancement and a smaller increase in yield stress from 1 to 8 h at at
mospheric pressure.

Aging under pressure increases viscosity and the amount of precip
itated wax, both of which contribute significantly to structural strength. 
However, it simultaneously reduces free volume, void content, and 
crystal mobility, thereby masking the contribution of long-term ordering 
relative to the effect of free-volume reduction caused by pressure 
structuring [80]. As expected, the combined effect of prolonged aging 
and pressure is more significant for crude oil S, which has lower vis
cosity, where the longer time available for ordering and crystal friction 
leads to higher relative resistance to flow and yield stress.

4. Conclusions

Pressure exerts a measurable and systematic influence on the 
thermo-rheological behavior of waxy crude oils. In the liquid regime 
above the WAT, viscosity follows an exponential Barus-type dependence 
on pressure. Below the WAT, the piezoviscous coefficients increase due 
to gel-network formation and the development of a more structured 
system. Differential scanning calorimetry confirms that pressure shifts 
the WAT to higher temperatures (up to ~0.25 ◦C MPa⁻¹ for crude L up to 
300 bar), thereby advancing crystallization and promoting earlier 
gelation.

The yielding response is strongly dependent on pressure history. 
When 300 bar is applied at the onset of cooling and maintained 
throughout gelation, yield stress increases significantly (≈0.3% per bar 
after 1 h aging), while late pressurization weakens the gel and produces 

more gradual, multi-stage yielding. These findings demonstrate that gel 
strength is governed not only by pressure magnitude but also by the 
timing of pressurization relative to crystallization and aging.

The identity of the pressurizing medium further modulates the 
response. Hydraulic transmission using crude oil produces the highest 
yield stress values. Nitrogen yields comparable results near experi
mental uncertainty, indicating minimal rheological perturbation, 
whereas helium produces a more noticeable reduction in gel strength. 
Aging enhances gel resistance in a crude-dependent manner: the lower- 
viscosity crude (S) exhibits greater sensitivity to aging than the more 
viscous crude (M), and the combined effect of aging under pressure re
sults in the largest strengthening.

From a modeling perspective, the extended Sisko-Barus formulation 
accurately captures the pressure dependence of the flow curves at 4 ◦C. 
Within the explored range, pressure corrections to the Sisko indices (k₁, 
n₁) and the quadratic term (β₁) are negligible, with the exponential Barus 
contribution dominating the pressure response.

When thermal and pressure histories are rigorously controlled, both 
pressurization timing and aging duration significantly influence 
restarting requirements in subsea environments. Nitrogen was found to 
be less disruptive than helium when direct gas contact is unavoidable. 
Gas pressurization, particularly with helium, reduces cumulative 
precipitated wax and gel strength, leading to a weakening of cohesive 
interactions within the wax crystal network, which may facilitate flow 
initiation under restart conditions. Limitations include the low- 
temperature bound of high-pressure calorimetry for certain crudes; 
future work should expand the temperature window and quantify gas 
uptake, wax structure, and the diffusion kinetics of inert gases under 
pressure.
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