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Abstract

With offshore oil and gas exploration advancing into ultra-deep waters, subsea reservoirs
face extreme high-temperature and high-pressure (HTHP) conditions, leading to significant
alterations in crude oil properties. These changes destabilize oil–water phase distribution
and impair separation efficiency in swirl separators. Non-Newtonian fluid behavior under
HTHP conditions, characterized by temperature-sensitive viscosity and shear-thinning
effects, further modifies the rheological response and internal swirling-flow characteris-
tics. This study establishes a computational fluid dynamics (CFD) framework integrating
Eulerian–Eulerian multiphase modeling with power-law rheology. Simulations analyzed
power-law fluid behavior across a temperature range of 30–210 ◦C, focusing on shear-
thinning effects and phase distribution. The results show that the oil-core transport fraction
increased from 0.162 at 30 ◦C to 0.194 at 150 ◦C and then decreased to 0.141 at 210 ◦C.
Although the peak tangential velocity continued to increase with temperature, the strongest
central oil-phase enrichment occurred at 150 ◦C, indicating that stronger swirl does not
necessarily correspond to stronger phase segregation. These results provide mechanis-
tic insight and a numerical basis for subsequent scale-up studies of HTHP guided-vane
swirl separators.

Keywords: high-temperature and high-pressure conditions; oil–water separation; non-
Newtonian fluids; shear thinning; swirl separator

1. Introduction
With offshore oil and gas exploration advancing into ultra-deep waters (>3000 m), sub-

sea reservoirs now face extreme conditions of up to 180 ◦C and 70 MPa, where temperature
gradients reach 4 ◦C/100 m. These harsh environments intensify challenges in fluid man-
agement: crude oil exhibits increased density, viscosity, and water content while interfacial
tension decreases significantly [1]. Such alterations destabilize oil–water phase distribution
in swirl fields, promoting emulsification and compromising separation efficiency in subsea
production systems.

At high temperature and pressure, crude oil exhibits increased density and viscosity,
while interfacial tension between oil and water phases decreases sharply. These effects
promote emulsification and hinder droplet coalescence, destabilizing the oil–water interface
and reducing the efficiency of conventional separation technologies. Furthermore, the in-
teraction between thermal and rheological properties gives rise to complex flow behaviors,
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including temperature-dependent viscosity gradients, enhanced shear-thinning effects, and
nonlinear vortex dynamics. These factors collectively modify the internal hydrodynamics
of swirl-based separators, leading to unstable flow structures and fluctuating separation
boundaries. From an engineering perspective, these phenomena significantly degrade the
performance of subsea cyclonic separators designed for moderate conditions. Increased tur-
bulence and reduced interfacial tension facilitate droplet breakup and redispersion, while
temperature-induced density variations further complicate the flow field. Consequently, ac-
curate modeling of high-temperature and high-pressure multiphase flow, with appropriate
consideration of temperature-dependent rheological behavior, is essential for improving
separation performance and ensuring stable operation in deep-sea production systems.

Recent studies have further advanced the understanding and optimization of guided-
vane oil–water separation. Li et al. [2] investigated the separation performance of non-
Newtonian oil–water flow in a swirl-vane separator using a Eulerian multiphase framework
coupled with a power-law rheological model and demonstrated that oil concentration, inlet
velocity, droplet size, density, and rheological parameters can significantly influence the sep-
aration response. Zhao et al. [3] subsequently proposed a spiral guide-vane hydrocyclone
and showed that regulation of short-circuit flow provides an effective means of strength-
ening oil–water separation. More recently, a Eulerian–RSM–PBM framework has been
applied to non-Newtonian polymer-containing oil–water flows in swirl-vane separators,
revealing the coupled effects of viscosity, rheological index, inlet velocity, and oil content on
separation behavior [4]. These studies demonstrate the growing interest in non-Newtonian
guided-vane separation but have mainly focused on conventional operating conditions or
variations in fluid and structural parameters.

The non-Newtonian behavior of reservoir fluids under high-temperature, high-
pressure (HTHP) conditions critically impacts swirl separation efficiency through two
mechanisms: temperature-sensitive viscosity variation and nonlinear stress response. Com-
putational fluid dynamics (CFD) has emerged as an indispensable tool for modeling these
complex interactions. Li et al. [5] established a validated CFD framework predicting shear
stress evolution in drilling fluids at 180 ◦C, demonstrating <5% deviation from experimen-
tal measurements. This validation proves particularly relevant for modeling rotational flow
fields in swirl separators. Awad et al. [6] further quantified the enhanced cuttings transport
capacity of non-Newtonian fluids under HTHP conditions, revealing a 22% improvement in
particle suspension stability compared to Newtonian counterparts during high-speed rota-
tion. Meanwhile, the rheological behavior of non-Newtonian fluids under high-temperature
and high-pressure conditions has received increasing attention. Recent experimental in-
vestigations have demonstrated that both temperature and pressure can substantially alter
constitutive parameters, with temperature generally exerting the stronger influence on
apparent viscosity and shear-thinning behavior [7,8]. Experimental measurements covering
temperatures up to 210 ◦C and pressures above 170 MPa have further highlighted the
strong dependence of rheological response on extreme operating conditions and the need
for carefully calibrated constitutive models [7]. However, these HTHP rheological studies
have primarily focused on wellbore hydraulics and drilling-fluid transport rather than cen-
trifugal oil–water separation. The manner in which HTHP-dependent power-law rheology
reorganizes the swirling flow field and oil-phase distribution in a guided-vane separator
remains insufficiently understood. To address this gap, the present study investigates
the oil-phase redistribution of power-law fluids in a guided-vane swirl separator under
HTHP conditions. Rather than focusing on structural optimization or droplet population
evolution, this study isolates the effect of temperature-dependent rheological variation on
apparent viscosity, swirling intensity, axial transport, and central oil-phase enrichment.
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The interplay between thermal and flow dynamics introduces additional complexity.
Mebarki et al. [9] demonstrated that temperature gradients ≥3 ◦C/cm fundamentally alter
viscoplastic fluid convection patterns, directly affecting separation interface stability. This
thermal-flow coupling is further quantified through Mishra et al.’s [10] exponential rheo-
logical model, which correlates shear thinning (n = 0.4–0.7) with temperature-dependent
viscosity reduction (15–30%) in nanofluids. Pressure-dominated flow regimes present dis-
tinct challenges—Bandyopadhyay and Das [11] identified 18–25% higher pressure drops at
pipeline elbows for gas–liquid non-Newtonian mixtures versus single-phase flow, a critical
design parameter for HTHP separation systems. Nanofluid studies reveal operational
trade-offs: while 5 vol% Al2O3 nanoparticles enhance thermal conductivity by 12–18%
(Shi et al. [12]), they concurrently increase viscosity 2.3-fold, disrupting boundary layer
dynamics in plate heat exchangers (Rios-Iribe et al. [13]). Xiong et al. [14] resolved this
paradox by demonstrating that non-Newtonian behavior in Cu–water nanofluids boosts
natural convection coefficients by 27% despite elevated viscosity, suggesting potential
for thermal management in swirl separation devices. Agwu et al. [15] conducted a com-
prehensive review integrating laboratory experiments, field observations, and numerical
simulations to elucidate mud rheological evolution under combined high-temperature and
high-pressure conditions, highlighting its critical implications for swirl separation stability
in extreme environments.

Under high-temperature and high-pressure conditions, non-Newtonian fluids exhibit
pronounced nonlinear and temperature-dependent rheological behavior, which imposes
greater demands on the modeling and optimization of processes such as swirling separa-
tion, mass transfer, and heat exchange. In recent years, computational fluid dynamics (CFD)
has emerged as a powerful research tool, finding extensive application in simulating and
analyzing the complex behavior of non-Newtonian fluids under such extreme conditions.
Shekhar and Chakravorty [16] have successively conducted validation studies and engi-
neering explorations on the applicability of various types of non-Newtonian constitutive
models within CFD frameworks. Narasimha et al. [17] reviewed the hydrodynamics of
non-Newtonian fluids in comminution and classification processes, with particular empha-
sis on the application of the Herschel–Bulkley model. Yang et al. [18] explored the effects of
rheological properties on the internal flow field of cyclonic separators, further confirming
the distinctive flow behavior of non-Newtonian fluids in such systems. Collectively, these
studies provide a solid theoretical foundation for the application of non-Newtonian fluids
in cyclonic separation systems and have significantly advanced technological developments
in this field. Previous studies on axial and cylindrical swirling separators have further
demonstrated that the internal vortex structure and velocity redistribution strongly govern
oil-phase migration and phase segregation [19,20].

Despite these advances, critical gaps persist in HTHP swirl separation research. Cur-
rent devices and online monitoring systems remain optimized for ambient conditions.
Fundamental uncertainties surround HTHP effects on interfacial tension, viscoelastic film
dynamics, and droplet kinetics. This study addresses these limitations through CFD
simulations combining Eulerian multiphase modeling with power-law rheology, specif-
ically investigating guided-vane swirl separators for polymer-flooded oil. Our results
demonstrate the imperative of incorporating both HTHP-induced property variations and
non-Newtonian behavior in separation process optimization.

2. Materials and Methods
2.1. Geometry and Operating Conditions

The computational domain consists of a guided-vane swirl separator followed by
a straight separation section. The oil–water mixture enters the separator axially and
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passes through the internal guide-vane assembly, where axial momentum is partially
converted into tangential momentum. A strongly swirling flow is consequently generated
downstream of the guide vanes, producing radial centrifugal segregation between the
two liquid phases.

The main geometric parameters of the separator are summarized in Table 1. The
cylindrical shell has a length of 2600 mm and an inner diameter of 100 mm. The guide-vane
assembly consists of six blades arranged around a central hub. The front-cone, swirl-vane,
and tail-cone sections have axial lengths of 88, 126, and 63 mm, respectively. The shell and
hub diameters are 100 and 50 mm, and the swirl-vane outlet angle is 45◦. The detailed
dimensions and their geometric locations are illustrated in Figure 1 and summarized in
Table 1.

Table 1. Dimensions of the guide-vane separator.

Structural Parameters Symbol Unit Value

Shell length L0 mm 2600
Guide-vane front-cone length L1 mm 88
Swirl-vane length L2 mm 126
Guide-vane tail-cone length L3 mm 63
Shell diameter D0 mm 100
Hub diameter D mm 50
Swirl-vane outlet angle α ◦ 45

Figure 1. Computational geometry and mesh of the guided-vane swirl separator, including the
overall flow domain, enlarged guide-vane assembly, representative cross-sectional meshes, and axial
sampling locations A and B.

A velocity-inlet boundary condition was imposed at the inlet, whereas a pressure-
outlet condition was applied at the downstream boundary. The inlet velocity and inlet
oil volume fraction were maintained at 1.0 m/s and 10%, respectively, for all temperature
cases. The oil-droplet diameter was also kept constant throughout the simulations so that
the effects of temperature-dependent rheological variation could be isolated from those
associated with droplet size.

Four representative temperature conditions, namely 30, 90, 150, and 210 ◦C, were
considered. The corresponding power-law rheological parameters were obtained from
previously published high-temperature and high-pressure rheological measurements. All
other geometric and operating parameters were maintained unchanged among the four
cases, thereby allowing the influence of temperature-dependent rheology on the internal
swirling flow and oil-phase redistribution to be assessed independently.

Each temperature was treated as an independent isothermal operating condition.
No spatial temperature gradient or transient heat-transfer process was considered in the
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present simulations. The temperature effect was introduced through the corresponding
experimentally fitted power-law rheological parameters.

2.2. Computational Mesh and Grid Independence

A three-dimensional structured hexahedral mesh was generated using ICEM-CFD,
with local refinement applied around the guide-vane assembly and in regions characterized
by strong velocity gradients. The final computational mesh contains 1,557,350 cells.

Grid independence for the identical separator geometry was systematically assessed
in our previous study using four structured meshes containing 426,347, 836,511, 1,557,350,
and 2,235,872 cells. The pressure-drop predictions showed only minor variations after
refinement from 1,557,350 to 2,235,872 cells. Considering both numerical accuracy and
computational cost, the 1,557,350-cell mesh was selected and is retained in the present
simulations. The corresponding grid-independence study is reported in Ref. [21].

2.3. Eulerian–Eulerian Multiphase Model

Eulerian–Eulerian modeling has been widely applied to oil–water two-phase transport
and hydrocyclone separation, with interphase momentum transfer being particularly
important for predicting dispersed-phase migration [22–24]. For phase q, the steady-state
continuity equation can be written as:

∇·(αqρquq) = 0, (1)

where αq, ρq, and uq denote the volume fraction, density, and velocity vector of phase
q, respectively.

The corresponding momentum equation is [24]:

∇ ·
(
αqρququq

)
= −αq∇p +∇ · τq + αqρqg + ∑

p ̸=q
Kpq

(
up − uq

)
+ Fq, (2)

where p is the shared pressure, τq is the stress tensor, Kpq represents the interphase
momentum-exchange coefficient, and Fq includes additional interfacial forces considered
in the multiphase formulation.

The phase-volume fractions satisfy:

N

∑
q=1

αq = 1. (3)

The interphase momentum exchange is primarily governed by the relative motion
between the oil and water phases. The drag coefficient was evaluated using the drag
correlation adopted in our previous simulations of the same oil–water swirling sys-
tem. The same multiphase-model settings were retained for all temperature cases to
ensure that the observed variations originated primarily from the temperature-dependent
rheological properties.

2.4. Power-Law Rheological Model

The non-Newtonian rheological behavior was described using the power-law consti-
tutive model. The relationship between shear stress and shear rate is expressed as:

τ = k
.
γ

n, (4)
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and the corresponding apparent viscosity is:

µapp = k
.
γ

n−1, (5)

where k is the consistency index, n is the flow-behavior index, and
.
γ is the local shear rate.

For n < 1, the apparent viscosity decreases with increasing shear rate, corresponding to
shear-thinning behavior.

The temperature-dependent power-law parameters adopted in this study were ob-
tained from previously published HTHP rheological measurements conducted using a
FANN iX77 HPHT rheometer(Fann Instrument Company, Houston, TX, USA). The corre-
sponding parameters are summarized in Table 2.

Table 2. Temperature-dependent power-law rheological parameters used in the simulations.

Temperature k (Pa·sn) n

30 ◦C 0.169 0.746
90 ◦C 0.020 0.901
150 ◦C 0.017 0.786
210 ◦C 0.306 0.295

It should be emphasized that the consistency index k cannot be interpreted indepen-
dently as the apparent viscosity because µapp is jointly determined by k, n, and the local
shear rate. In particular, the combination of the relatively high consistency index and low
flow-behavior index at 210 ◦C produces pronounced shear-thinning at elevated shear rates.

The experimental rheological measurements covered shear rates up to approximately
1022 s−1. The power-law fit at 210 ◦C also exhibited a lower coefficient of determination
than those obtained at lower temperatures. Therefore, predictions in localized CFD regions
where the shear rate exceeds the experimental calibration range should be interpreted as
extrapolations of the experimentally fitted constitutive relation. Accordingly, the 210 ◦C
results are discussed as the response predicted by the adopted power-law representation
rather than as direct evidence of thermal degradation or phase separation.

2.5. Reynolds Stress Turbulence Model

The internal flow generated by the guide vanes is characterized by strong rotation,
streamline curvature, and turbulence anisotropy. The Reynolds stress model (RSM) was
therefore adopted to describe the turbulent swirling flow.

Unlike two-equation eddy-viscosity models, RSM solves individual transport equa-
tions for the Reynolds-stress components and thus provides a more direct representation of
turbulence anisotropy in strongly rotating flows. The general Reynolds-stress transport
equation is expressed as [25]:

∂

∂t

(
ρui

′uj
′
)
+

∂

∂xk

(
ρukui

′uj
′
)
= Pij + Dij + Πij + Ωij − εij, (6)

where Pij represents production, Dij diffusion, Πij pressure–strain redistribution, Ωij the
contribution associated with system rotation, and εij dissipation.

The RSM-based numerical framework has previously been applied to the same guided-
vane separator geometry and has also been assessed for closely related strongly swirling
oil–water flows. Therefore, the present study retains RSM in order to focus specifically on
the influence of HTHP-dependent rheology rather than on turbulence-model sensitivity.
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2.6. Numerical Methods

The governing equations were solved using ANSYS Fluent 2024R1 [26]. The pressure-
based solver was employed, and pressure–velocity coupling was achieved using the phase-
coupled SIMPLE algorithm. The Eulerian–Eulerian multiphase framework was employed
to model both phases as continuous media. Boundary conditions comprised a pressure
outlet and velocity inlet (1 m/s) with 10% oil volume fraction. The simulations adopted
a pressure-based phase-coupled SIMPLE algorithm with first-order upwind spatial dis-
cretization for transient formulation. Convergence was monitored using scaled residuals,
with an absolute convergence criterion of 1 × 10−4 for all governing equations, includ-
ing continuity, momentum, turbulence, Reynolds-stress, and volume-fraction equations.
Recent numerical studies of cyclone separators have similarly emphasized a sequential
presentation of geometry, mesh generation, numerical methods, and flow-field analysis to
improve the clarity and reproducibility of CFD investigations [27].

To address the strong nonlinearity of the oil–water two-phase flow, the phase-coupled
SIMPLE (semi-implicit method for pressure-linked equations) algorithm was employed.
By introducing an implicit, coupled solution of the phase-fraction transport equation,
this method achieves a strong iterative coupling among the pressure, velocity, and phase-
fraction fields. Compared with the conventional SIMPLE algorithm, the phase-coupled
version embeds the phase-fraction continuity equation into the pressure-correction step,
significantly enhancing convergence stability under conditions involving large density
ratios. For spatial discretization, the first-order upwind scheme was adopted to enhance nu-
merical robustness and convergence stability for the strongly coupled two-phase swirling
flow. Although this scheme is more numerically diffusive than higher-order discretiza-
tion schemes, it provided stable convergence for the present simulations. A second-order
discretization sensitivity check was also performed for representative cases, and only
minor differences were observed in the principal flow-field characteristics, while the com-
putational cost increased substantially. Therefore, the first-order scheme was retained
for the parametric simulations. The scalar field gradients were reconstructed using the
least-squares cell-based gradient method, which provides superior numerical robustness
when applied to unstructured meshes. Pressure interpolation was performed using the
body-force-weighted scheme, in which a body-force weighting factor is applied to correct
the face pressure gradient. This approach effectively suppresses numerical oscillations in
flow fields dominated by strong centrifugal forces, thereby improving the stability and
accuracy of the overall simulation.

Time step ∆t = 0.002 s was used, together with under-relaxation factors (pressure
0.3, momentum 0.7, turbulence quantities 0.8) to guarantee iterative stability. The solver
employs the phase-coupled SIMPLE algorithm for pressure–velocity coupling, first-order
upwind spatial discretization, and least-squares cell-based gradient reconstruction.

Standard wall functions were employed to bridge the near-wall region between the
viscous sublayer and the fully turbulent core flow. The first near-wall cell was positioned
within the logarithmic region, with a target value of approximately 30 < y+ < 300. The
dimensionless wall distance is defined as:

y+ =
uτy1

ν
, (7)

where uτ is the friction velocity, y1 is the distance from the wall to the center of the first
near-wall cell, and ν is the kinematic viscosity. Accordingly, the first-cell distance can be
estimated as:

y1 =
y+ν

uτ
. (8)
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For a smooth wall, the dimensionless mean velocity in the logarithmic region follows
the conventional log-law relationship:

u+ =
1
κ

ln
(
y+

)
+ B, (9)

where u+ = u/uτ , κ = 0.41 is the von Kármán constant, and B = 5.2 is the empirical intercept
for a smooth wall.

The turbulence quantities at the near-wall cell were specified consistently with the
standard wall-function formulation. The turbulent kinetic energy is related to the friction
velocity by:

k =
u2

τ√
Cµ

, (10)

and the turbulence dissipation rate is evaluated from the local equilibrium relation:

ε =
u3

τ

κy1
, (11)

where Cµ = 0.09 is the turbulence-model constant. These relations provide consistency
among the wall shear stress, logarithmic velocity profile, turbulent kinetic energy, and
turbulence dissipation rate in the near-wall region.

2.7. Model Validation

The numerical framework employed in the present study has been validated in previ-
ous investigations. For the same guided-vane separator geometry, the Eulerian–Eulerian
multiphase model coupled with the power-law rheological model and RSM was previously
applied to non-Newtonian swirling flow, and the predicted tangential-velocity distributions
showed satisfactory agreement with reference data [21].

In addition, a closely related Eulerian–RSM numerical framework developed by our
group was subsequently evaluated against experimental oil–water separation data [2].
In that study, the predicted oil-phase outlet mass flow rates were compared with experi-
mental measurements over a range of inlet velocities, and satisfactory agreement in both
the variation trend and quantitative values was obtained. This comparison provides an
experimental basis for the applicability of the present multiphase-flow framework.

The temperature-dependent rheological parameters adopted in the present simulations
were obtained independently from HTHP rheological experiments using a Fann IX77
rheometer [7]. The corresponding numerical rheological predictions were also compared
with experimental viscosity measurements and showed satisfactory agreement [7]. Taken
together, these previous flow-field, separation-performance, and rheological validations
provide the numerical and experimental basis for the present simulations.

3. Results and Discussion
3.1. Oil-Phase Distribution

The four isothermal cases were compared to evaluate how temperature-dependent
power-law rheology influences oil-phase redistribution and the internal swirling-flow
structure. Because all geometric and operating parameters were maintained unchanged,
the differences among the cases primarily reflect the effects of the prescribed rheological
parameters corresponding to 30, 90, 150, and 210 ◦C.

To quantify the degree of central oil-phase concentration, the oil-core transport fraction
was defined as:

https://doi.org/10.3390/en19184470

https://doi.org/10.3390/en19184470


Energies 2026, 19, 4470 9 of 19

Fo(Rc) =

∫ Rc
0 αouz2πr dr∫ R
0 αouz2πr dr

, (12)

where R is the pipe radius and Rc = 0.3R denotes the prescribed oil-core region. αo(r) and
uz(r) are the radially averaged oil volume fraction and axial velocity, respectively, obtained
by averaging the values on the two sides of the pipe centerline. A larger Fo indicates a
greater fraction of oil-phase transport concentrated in the central region.

Figure 2 gives the axial distribution of oil volume fraction in a swirl separator for
power-law fluids under varying temperatures. The oil phase exhibits periodic accumulation
along the axial direction, reflecting the helical flow characteristics inherent to the swirl
field. As temperature increases, reduced fluid viscosity and intensified shear-thinning
behavior promote centrifugal migration of oil droplets toward the central region. At 30 ◦C,
higher viscosity impedes phase mobility, resulting in relatively uniform oil dispersion.
The strongest central oil-phase enrichment occurs at 150 ◦C, where concentrated oil-core
formation is observed. However, at 210 ◦C, dispersed oil patterns emerge, likely attributable
to oil-phase redistribution under excessive shear rates and turbulence amplification.

 
Figure 2. Contour plots of oil volume fraction distribution along the axial direction for power-law
fluids at different temperatures.

In addition, Figure 2 further reveals a periodic redistribution pattern of the oil phase
along the separator, which is associated with the helical structure of the swirling flow. The
mixture enters axially and acquires tangential momentum while passing through the guide-
vane assembly, thereby generating a swirling flow downstream. At lower temperatures,
the higher viscosity weakens flow inertia, leading to a more stable internal flow structure.
In contrast, under high-temperature conditions, the reduced viscosity and increased shear
strain rate enhance the swirling separation effect, thereby altering the axial distribution of
the oil phase.

To supplement the qualitative interpretation based on the oil-volume-fraction contours,
the oil-core transport fraction Fo(0.3R) was further evaluated at z = 2400 mm, as shown in
Figure 3. The calculated values are 0.162, 0.166, 0.194, and 0.141 at 30, 90, 150, and 210 ◦C,
respectively. Only a slight increase is observed from 30 to 90 ◦C, whereas Fo(0.3R) increases
markedly to its maximum value of 0.194 at 150 ◦C. This indicates that approximately 19.4%
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of the axial oil-phase transport is concentrated within the central region r ≤ 0.3R under
this condition.

Figure 3. Oil-core transport fraction Fo(0.3R) at z = 2400 mm under different temperatures.

In contrast, Fo(0.3R) decreases substantially to 0.141 at 210 ◦C. This result is particularly
noteworthy because the 210 ◦C case exhibits the highest tangential-velocity magnitude, as
discussed subsequently. Therefore, an increase in swirl intensity does not necessarily lead
to stronger central oil-phase segregation. The quantitative Fo(0.3R) results are consistent
with the oil-volume-fraction distributions and demonstrate that the most pronounced
central oil enrichment occurs at the intermediate temperature of 150 ◦C rather than at the
highest temperature. The separation-related behavior should therefore be interpreted as
the combined response of centrifugal migration, temperature-dependent rheology, and
oil-phase redistribution rather than solely as a consequence of increasing swirl intensity.

Figure 4 delineates the radial variation of oil phase distribution at the outlet cross-
section. The intermediate-temperature cases exhibit more pronounced central oil-phase
enrichment, characterized by a distinct peak in the central volume fraction. At 30 ◦C, the
distribution curve exhibits a lower and smoother central peak, indicating weaker central
oil-phase concentration. This is attributed to the elevated viscosity of the power-law fluid
under low-temperature conditions, which weakens shear effects and suppresses swirl-
driven phase stratification. Notably, the peak intensity decreases at 210 ◦C despite further
viscosity reduction, accompanied by a flattened radial profile. This reduction in central
oil-phase concentration may be associated with the elevated local shear rate. The elevated
local shear rate may enhance turbulent dispersion and weaken the central concentration of
the oil phase.

3.2. Apparent Viscosity and Rheological Response

The apparent viscosity of power-law fluids is characterized by a coupled dependence
on both temperature and shear strain rate. As the temperature increases from 30 to 150 ◦C,
the fitted rheological parameters change substantially, resulting in a general reduction in
apparent viscosity over the investigated shear-rate range. Figure 5 presents the apparent-
viscosity distributions over the entire computational domain, whereas Figure 6 shows
the corresponding radial profiles extracted only at the downstream section z = 2400 mm.
Therefore, the viscosity ranges shown in the two figures are not expected to be identical.
The larger local values visible in Figure 5 occur in localized low-shear regions within the full
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separator, while the downstream flow at z = 2400 mm has already undergone substantial
shear development and exhibits a considerably narrower apparent-viscosity range. Figure 6
should therefore be interpreted as a sectional quantitative characterization of the global
distributions shown in Figure 5 rather than as a reproduction of their full-domain extrema.

Figure 4. Oil volume fraction distribution at z = 2400 mm for power-law fluids at different temperatures.

The rheological parameters of the power-law fluid, derived from simulations across
four temperature regimes (30–210 ◦C), reveal critical insights into the interplay between
temperature and shear-thinning behavior (Figure 6). At 30 ◦C, the highest consistency
index (k = 0.169) and moderate flow index (n = 0.746) indicate pronounced non-Newtonian
behavior, with high apparent viscosity dominating the core region. This elevated vis-
cosity suppresses droplet mobility, resulting in uniform dispersion and weak centrifugal
recirculation, which undermines oil–water segregation.

As the temperature increases to 90 ◦C and 150 ◦C, the viscosity peak in the central
region decreases markedly, and the radial distribution becomes smoother. The elevated
shear strain rate enhances the shear-thinning response of the fluid, leading to a more
uniform viscosity field at the outlet. Under these conditions, the swirling structure exhibits
greater stability, facilitating a more effective oil–water separation process. A temperature
of 150 ◦C provides the most favorable condition for central oil-phase concentration among
the investigated cases. At 210 ◦C, the fitted rheological parameters change markedly to
k = 0.306 and n = 0.295, producing a pronounced shear-thinning response. These parameters
were obtained from previously published HTHP rheological measurements rather than
from the present CFD calculations. Importantly, the consistency index should not be
interpreted independently as the apparent viscosity, because the power-law viscosity is
jointly determined by k, n, and the local shear rate according to µapp = k

.
γ

n−1. The low
value of n therefore produces a pronounced shear-thinning response at 210 ◦C, especially
in regions of elevated shear rate.

It should also be noted that the power-law fit at 210 ◦C has a lower coefficient of
determination than that at the lower temperatures, indicating increased uncertainty in
representing the rheology at this extreme temperature using a simple power-law model.
Accordingly, the present results at 210 ◦C are interpreted as the response predicted by the
experimentally fitted power-law representation, rather than as direct evidence of thermal
degradation or phase separation.
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Figure 5. Apparent-viscosity contours in the entire guided-vane swirl separator at different tempera-
tures. The radial profiles shown in Figure 6 are extracted at z = 2400 mm.

Figure 6. Radial distributions of apparent viscosity at z = 2400 mm for power-law fluids at differ-
ent temperatures.

As the temperature increases to 90–150 ◦C, the changes in the rheological parameters
lead to substantially lower apparent viscosity and enhanced shear sensitivity, resulting
in flatter radial viscosity profiles. The reduced apparent viscosity facilitates oil-phase
redistribution and promotes the formation of a concentrated oil-core region. Among the
investigated cases, the 150 ◦C condition exhibits the most favorable viscosity distribu-
tion for central oil-phase enrichment. At 210 ◦C, however, the apparent-viscosity profile
becomes highly localized near the pipe center. This distinct response reflects the strong
shear dependence of the experimentally fitted power-law model at this temperature. The
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localized high-shear regions may further enhance turbulent dispersion and modify the
spatial redistribution of the oil phase, thereby weakening the stability of the concentrated
oil-core structure.

3.3. Velocity and Pressure Fields

Figure 7 shows that at 30 ◦C, high fluid viscosity and weak shear-thinning led to a
parabolic axial velocity distribution, with maximum speed at the center. This indicates
strong axial flow and weak swirl recirculation, limiting central oil-phase segregation. As
temperature increased to 90–150 ◦C, enhanced shear-thinning reduced central viscosity,
flattening the axial velocity profile. Stronger swirl recirculation suppressed mainstream
flow, promoting oil-phase redistribution. At 210 ◦C, extremely low viscosity weakened
non-Newtonian behavior, causing turbulent dispersion. This highlights the critical role of
temperature in balancing shear-thinning and turbulence to optimize separation.

Figure 7. Axial velocity distribution at z = 2400 mm for power-law fluids at different temperatures.

Figure 8 presents the radial distributions of tangential velocity at z = 2400 mm under
different temperatures. A pronounced double-peak profile is observed for all cases, with
the tangential velocity approaching zero near the pipe center and increasing in magni-
tude toward off-axis locations before decreasing again near the wall. As the temperature
increases, the rotational motion is progressively intensified. The peak magnitude of the
tangential velocity increases from 0.257 m/s at 30 ◦C to 0.371 m/s at 90 ◦C, 0.396 m/s at
150 ◦C, and 0.469 m/s at 210 ◦C. Meanwhile, the radial location of the peak generally shifts
outward, indicating an expansion of the high-swirl region. This trend suggests that the
temperature-dependent rheological variation reduces the resistance to rotational motion
and promotes angular-momentum redistribution within the separator.

However, stronger swirl does not necessarily correspond to better oil–water separation.
Although the 210 ◦C case exhibits the largest tangential-velocity magnitude, the oil-phase
distribution shown in Figures 3 and 4 becomes less concentrated than that at 90–150 ◦C.
This indicates that excessive rotational intensity at the highest temperature does not further
improve phase segregation and may instead enhance turbulent mixing and destabilize
the concentrated oil-core structure. Therefore, the separation response is governed by
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a balance between sufficiently strong centrifugal transport and excessive shear-induced
mixing, with the intermediate-temperature range of 90–150 ◦C providing a more favorable
hydrodynamic condition for oil-phase concentration.

Figure 8. Tangential velocity distribution at z = 2400 mm for power-law fluids at different temperatures.

Figure 9 shows that the radial velocity of the fluid exhibits a typical “antisymmetric”
distribution, with a sharp jump near the central axis, reflecting the strong influence of
swirl-induced motion. At 30 ◦C, the high viscosity and weak shear-thinning effect suppress
vortex development, resulting in smaller radial velocity amplitudes and limited oil-phase
redistribution. As the temperature increases to 90 ◦C and 150 ◦C, the fluid viscosity
decreases and the shear strain rate rises, allowing the vortex structure to develop more
fully. Consequently, the radial velocity increases significantly, promoting enhanced radial
migration of the oil phase and more pronounced central oil-phase enrichment. However,
at 210 ◦C, although the radial velocity remains relatively strong, the distribution curve
near the center becomes smoother. This behavior may be attributed to intensified turbulent
mixing, which weakens the stability of the concentrated oil-core structure.

Figure 10 presents the axial velocity distribution of the power-law fluid at different
temperatures. Overall, the internal flow structure of the swirling separator exhibits a
distinct periodic pattern, particularly within the swirling chamber and downstream flow
channel, where the velocity field shows a regular, wave-like distribution. This periodic
velocity variation originates from the inherent characteristics of swirling flow, in which
the fluid develops a helical motion under the combined effects of centrifugal force and the
internal recirculation zone.

At the low-temperature condition of 30 ◦C, the fluid exhibits high initial viscosity and
a weak shear-thinning effect, resulting in lower axial velocity and a less stable swirling
structure. As shown in Figure 10, the velocity decays rapidly within the separator, which
may weaken the stability of the swirl field and consequently reduce oil–water separation
efficiency. With increasing temperature (90 ◦C and 150 ◦C), the axial velocity rises progres-
sively, and the periodic distribution of the swirling structure becomes more pronounced.
The enhanced shear-thinning effect and intensified turbulence at these temperatures lead to
steeper velocity gradients and stronger swirling motion, promoting oil-phase redistribution
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and improving separation performance. At 210 ◦C, the axial velocity reaches its maximum,
and the overall flow field becomes more uniform. This indicates that the flow resistance is
further reduced and the swirl structure achieves higher stability under high-temperature
conditions. However, the intensified turbulent mixing at 210 ◦C may enhance oil-phase
dispersion in high-shear regions and weaken the concentrated oil-core structure.

Figure 9. Radial velocity distribution at z = 2400 mm for power-law fluids at different temperatures.

Figure 10. Contour plots of axial velocity distribution along the axial direction for power-law fluids
at different temperatures.

Under different temperature conditions, the pressure distribution at the swirling outlet
exhibits a typical “U”-shaped trend (Figure 11). The pressure is lowest in the central region
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and higher in the radial outer region. This distribution characteristic primarily stems from
the rotational flow structure inside the swirling. When the fluid enters the swirling flow, it
forms a vortex due to the tangential velocity. Centrifugal force causes the fluid to be thrown
toward the wall, resulting in a low-pressure zone in the central region of the swirling flow
and a high-pressure zone near the wall area. This phenomenon is consistent with the
typical Rankine vortex structure [28].

Figure 11. Pressure distribution at z = 2400 mm for power-law fluids at different temperatures.

4. Conclusions
This study investigated the influence of temperature-dependent power-law rheology

on the swirling-flow structure and oil-phase redistribution in a guided-vane separator using
four independent isothermal conditions. The major findings are summarized as follows:

The oil-core transport fraction Fo(0.3R) provides a quantitative measure of central oil-
phase segregation. Its value increased from 0.162 at 30 ◦C to a maximum of 0.194 at 150 ◦C,
before decreasing to 0.141 at 210 ◦C. This behavior demonstrates that the strongest swirl
does not necessarily produce the strongest central oil enrichment and that the intermediate-
temperature condition provides a more favorable balance for oil-phase concentration.

The axial velocity profiles evolved from a parabolic shape at 30 ◦C to a more flattened
distribution between 90 and 150 ◦C, indicating enhanced recirculation and oil-core stabiliza-
tion in the separator. The peak magnitude of the tangential velocity increased progressively
from 0.257 m/s at 30 ◦C to 0.469 m/s at 210 ◦C, indicating enhanced rotational motion at
elevated temperatures. However, the strongest swirl at 210 ◦C did not yield the highest
oil-phase concentration, demonstrating that separation performance depends on a balance
between centrifugal transport and excessive shear-induced mixing rather than on swirl
intensity alone.

The present results should be interpreted as mechanistic and numerical evidence for
the influence of HTHP-dependent rheology on oil–water swirling flow rather than as direct
industrial-scale design criteria. Further scale-up studies should systematically examine
Reynolds-number effects, residence time, flow-rate range, and geometric similarity before
the present findings are extended to full-scale subsea separators.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational fluid dynamics
HTHP High-temperature and high-pressure
RANS Reynolds-averaged Navier–Stokes
RSM Reynolds stress model
SIMPLE Semi-implicit method for pressure-linked equations

Nomenclature
The following symbols are used in this manuscript:

Symbol Definition Unit
αq Volume fraction of phase q –
ρq Density of phase q kg·m−3

uq Velocity vector of phase q m·s−1

p Pressure Pa
τq Stress tensor of phase q Pa
Kpq Interphase momentum-exchange coefficient kg·m−3·s−1

Fq Additional interfacial/body force N·m−3

k Power-law consistency index Pa·sn

n Power-law flow-behavior index –
.
γ Shear rate s−1

µapp Apparent viscosity Pa·s
uτ Friction velocity m·s−1

y1 Distance from wall to first near-wall cell center m
y+ Dimensionless wall distance –
u+ Dimensionless velocity –
ν Kinematic viscosity m2·s−1

κ von Kármán constant –
B Log-law intercept –
Cµ Turbulence-model constant –
kt Turbulent kinetic energy m2·s−2

ε Turbulence dissipation rate m2·s−3

R Pipe radius m
Rc Prescribed oil-core radius m
Fo(Rc) Oil-core transport fraction –
αo Radially averaged oil volume fraction –
uz Radially averaged axial velocity m·s−1
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L0 Shell length mm
L1 Guide-vane front-cone length mm
L2 Swirl-vane length mm
L3 Guide-vane tail-cone length mm
D0 Shell diameter mm
D Hub diameter mm
α Swirl-vane outlet angle ◦
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