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To elucidate the pressure drop characteristics and underlying mechanisms induced by a rod centralizer
in a progressing cavity pump (PCP) wellbore annulus, a CFD-based multiphase flow numerical model of
the wellbore annulus with a rod centralizer was developed. The centralizer's flow-induced rotation was
simulated by Six-DOF solver, and pressure drop was computed. Entropy production theory and the
Liutex criterion were applied to characterize energy dissipation and vortex distributions. Results indi-
cate that, within the operating range, inlet velocity is the dominant factor governing pressure drop, with
an independent contribution of 97.37%. More than 60% of the total pressure loss occurs in the centralizer
annulus region. Entropy production components were quantified. The time-averaged component ac-
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counts for more than 50% of the total; with increasing inlet velocity, its fraction decreases, whereas the
turbulent component fraction increases and the wall component fraction changes only marginally.
Vortices were found to cluster in high entropy production regions, indicating that local vortex accu-
mulation triggered by abrupt geometric transitions and flow-induced rotation of the centralizer is a
primary cause of increased pressure loss. These findings advance the understanding of pressure drop
mechanisms and flow field characteristics in PCP wellbores and provide insights for pressure drop
prediction and control.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

Progressing cavity pumps (PCPs) are widely used for artificial
lift in oilfields owing to their low cost, high efficiency, ease of
installation, and broad applicability. PCP lifting has become the
second most widely used artificial-lift method after beam pump-
ing. In PCP systems, a surface motor drives the downhole pump by
transmitting torque through the sucker rod, enabling the pump to
lift produced fluids to the surface. To mitigate rod-tubing wear, rod
centralizers are commonly installed on the sucker rod. However,
centralizers introduce additional local pressure losses, which
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increases markedly with well depth and the number of central-
izers. The resulting rise in wellbore pressure drop increases pump
load and can lead to pump selection mismatch, increased leakage,
reduced efficiency, and higher energy consumption, thereby
degrading the overall lifting performance of PCP wells.
Centralizers are widely used in rod-operated production sys-
tems, including beam pumping units and surface-driven pro-
gressing cavity pumps. Early research primarily focused on
structural design and strength analysis (Rivas et al., 1990; Peckins
et al.,, 2001). As centralizers became more widely deployed, the
associated pressure loss attracted increasing attention. Yao and
Robello (2008) performed numerical simulations of pressure
drop induced by a helical rod centralizer. Their results showed that
centralizer-induced pressure drop is non-negligible. Singh and
Samuel (2009) examined the effects of rod rotation and eccen-
tricity on the pressure drop across a centralizer. Their results
indicated that eccentricity reduces the pressure drop. Under
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Nomenclature

Chpam HPAM mass concentration, mg/L

fep Fraction of entropy production, %

e Fraction of total entropy production from region V6,
%

AM Torque fluctuation amplitude of the centralizer, N-m

M. Torque of the centralizer, N-m

Mmmax Maximum torque of the centralizer, N-m

Ang Speed fluctuation amplitude of the centralizer, r/min

ne Rotational speed of the centralizer, r/min

Nrod Rotational speed of the sucker rod, r/min

ns Steady rotational speed of the centralizer, r/min

Uiy Inlet velocity, m/s

Sb Time-averaged entropy production rate, W/(m>K)

St Turbulent entropy production rate, W/(m>3-K)

Sw Wall entropy production rate, W/(m?K)

Sv Volume average of total entropy production, W/
(m3K)

Sbv Volume average of time-averaged entropy
production, W/(m3.K)

Stv Vol3ume average of turbulent entropy production, W/
(m>-K)

Swa Area average of wall entropy production, W/(m?-K)

AS Total entropy production, W/K

ASp Time-averaged entropy production, W/K

ASt Turbulent entropy production, W/K

ASw Wall entropy production, W/K

Qo Oil phase volume fraction, %

aw Water phase volume fraction, %

B Empirical constant of turbulent entropy production
rate

Ta Area averaged of wall shear stress, Pa

QR Vortex enstrophy, s—2

Qs Shear enstrophy, s 2

Qry Volume average of vortex enstrophy, s 2-m >

Qg Volume average of Shear enstrophy, s~2-m 3

CAR Centralizer annulus region

CDR Centralizer downstream region

CIR Centralizer inlet region

COR Centralizer outlet region

CUR Centralizer upstream region

IC Independent contribution, %

PCP Progressing cavity pump

concentric conditions, rotation further decreases the pressure
drop, whereas under eccentric conditions the pressure drop in-
creases initially and then decreases as rotational speed rises.
However, existing studies largely focus on single phase fluids,
whereas produced fluids in PCP wells typically involve oil-water
two-phase flow. Moreover, local geometric transitions of the
centralizer and flow-induced rotational effects can markedly in-
fluence pressure drop (Kumar and Sharma, 2025), warranting
further investigation.

Conventional pressure-drop based approaches can quantify
overall wellbore pressure losses, but they cannot pinpoint where
the largest losses occur. Entropy production characterizes irre-
versible mechanical energy loss. Entropy production contours
from numerical simulations can therefore identify where high
energy losses occur and which dissipation mechanisms domi-
nate. Kock and Herwig (2004, 2005) systematically studied en-
tropy production theory and decomposed entropy production
into contributions associated with the time-averaged velocity
field, velocity fluctuations, and wall effects. In recent years, en-
tropy production theory has been increasingly applied to quan-
tify energy loss characteristics in hydraulic machinery. Using
Reynolds-averaged (RANS) modeling and entropy production
theory, Zhou (2023) developed a quantitative framework for
energy loss analysis in a variable cross-section annulus. The
spatial distribution of entropy production rate was obtained, and
the effects of inlet velocity, contraction-expansion ratio, and the
inclination angle of the diameter-transition section on entropy
production were analyzed. Song et al. (2025a) combined CFD
with entropy production theory to quantify energy losses in
Archimedes Spiral Hydrokinetic Turbines under axial and yawed
inflow, revealing that wake entropy production is primarily
driven by tip and hub vortices and increases substantially with
blade angle. Li et al. (2026) investigated flow features in a
hydrogen circulation pump and reported that viscous dissipation
contributes more than 70% of total entropy production, with
major sources located in inter-blade clearances, near rotor edges,
and within axial gaps. In addition, Ren et al. (2023, 2025b)
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incorporated transported loss into the conventional entropy
production method, which further improved the accuracy of
energy loss calculation in micropumps.

The mechanisms by which complex vortical flows affect fluid
energy dissipation have long been a key research focus. In hy-
draulic machinery and related fields, vortex identification criteria
are often used to relate vortices to energy loss and to interpret loss
mechanisms. Xu et al. (2025) examined energy loss and vortex
distributions in an axial flow turbine under upstream wave exci-
tation. They reported that the streamwise evolution of vortical
structures is consistent with the trend of energy loss. Song et al.
(2025b) investigated how vortex motion affects hydraulic losses
in an axial flow turbine and proposed a linkage between vortex
intensity and turbulence-related losses. Their results showed that
vortex-induced turbulence propagates through the unit, leading to
substantial additional hydraulic losses. Using a mixed flow turbine
as a case study, Xu et al. (2022) combined the Liutex criterion with
entropy production theory to assess the impact of upstream-
turbulence-induced vortices on hydraulic losses. They identified
the primary loss regions and emphasized that suppressing vortex
formation is critical for loss reduction. In summary, integrating
entropy production theory with vorticity-field analysis provides a
useful framework for investigating pressure drop in PCP wellbores
equipped with centralizers and for clarifying the underlying
pressure loss mechanisms.

PCP rod centralizers commonly adopt a helical geometry and
have an axial degree of rotational freedom, enabling flow-induced
rotation under hydrodynamic loading. Meanwhile, produced fluids
are typically oil-water two-phase flows, and polymer addition to
the aqueous phase often introduces shear-thinning rheology.
These complexities make analytical evaluation of wellbore pres-
sure drop challenging. Accordingly, a three-dimensional CFD
multiphase flow model of the PCP wellbore annulus with a
centralizer was developed to characterize pressure drop behavior,
and sensitivity analysis was conducted to identify the dominant
controlling factors. Entropy production analysis was then used to
quantify the spatial distribution and types of pressure losses.
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Vorticity-field analysis was further integrated to elucidate the
mechanisms responsible for pressure loss formation.

2. Theory
2.1. Governing equations

The fluid domain considered comprises oil-water two-phase
flow and is modeled using the Mixture multiphase model. The flow
is assumed to be isothermal. In the Mixture model, phases are
treated as interpenetrating continua, and the governing equations
include mixture continuity and momentum, together with an
algebraic relation for the relative velocity.

The continuity equation for the mixture is:

d
ot Pm) + V- (Pm¥m) =0 (1)
where vy, is the mass-averaged velocity:
a
2 aipivi
P B (2)
Pm
and p,, is the mixture density:
a
Pm = Z aipi (3)
i=1

and q; is the volume fraction of phase i.
The momentum equation for the mixture is:

%(pmvm) + V- (pm¥m¥m) = —Vp + V- [ﬂm (va + VI/}EI) ]

a
Z AiPi¥dr iV dri

+pmg+FV-<
i=1

)

(4)

where a is the number of phases, F is the body force, and u,, is the
viscosity of the mixture:

a

b= (5)
i=1

and vy, ; is the drift velocity for secondary phase i:

Vdri=Vi —V¥m (6)

For the high water cut conditions considered in this study, the
oil volume fraction is at most 10%, with oil present as the dispersed
phase and water as the continuous phase. The centralizer pro-
motes local oil-water mixing. In addition, the differences between
oil and water in density, viscosity, and related physical properties
are relatively modest. Collectively, these factors lead to a small
drift velocity between the phases.

2.2. Six-DOF solver

The model accounts for flow-induced rotation of the central-
izer. A six degree of freedom (Six-DOF) solver is employed to
compute the torque acting on the centralizer and to update the
rotational motion of its center of mass. The angular acceleration
vector wg governing centralizer rotation is:
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op=L"1( Y My~ wg x Log) (7)
where L is the moment of inertia, My is the torque vector, and wg is
the angular velocity vector. After the angular acceleration is
computed from Eq. (7), the angular velocity is obtained by nu-
merical integration. The rigid body orientation is then updated
using the angular velocity within the sliding mesh framework.

2.3. Entropy production theory

Entropy production theory has been widely used to analyze
energy loss across a broad range of engineering applications.
When heat transfer is neglected, a portion of the mechanical
energy in the wellbore flow is irreversibly dissipated as internal
energy, leading to increased entropy production in the flow
field. In RANS simulations of fluid energy loss, entropy pro-
duction is decomposed into time-averaged entropy production
rate induced by the time-averaged velocity field and turbulent
entropy production rate induced by velocity fluctuations. The
time-averaged entropy production rate is:

T

_2uepe [ (M (0N (w2
Sp = T )t ay oz
N 2 2 (8)
e [ (91 ow\? (o ow\? (o0 ow
oy " ox oz " ox oz " ay

where 1, 7, and W denote the time-averaged velocity components
in the X, Y, and Z directions of a three-dimensional Cartesian co-
ordinate system, m/s, respectively; T is the temperature, K; and
Heff = M + py, Where pegr, u, and y, are the effective, dynamic, and
turbulent viscosities, Pa-s, respectively.

RANS formulations do not directly resolve instantaneous ve-
locity fluctuations. Following Kock and Herwig (2005), the fluc-
tuating contribution to entropy production is attributed to
turbulence and can be related to the turbulence kinetic energy and
specific dissipation rate in the SST k — » model. An approximate
expression for the turbulent entropy production rate is therefore
obtained as:

pko

ST:ﬂT (9)

where g = 0.09, k is the turbulent kinetic energy, m?-s, and o is
the specific dissipation rate, s~

Following Kock and Herwig (2004), wall effects contribute to
entropy production and should not be neglected. The wall entropy
production rate is calculated using the approach proposed by Hou
et al. (2016):
v

T (10)

Sw

where 7 is the wall shear stress, Pa, and v is the mean velocity of
the near-wall grid cell, m/s.

Entropy production is obtained by integrating the entropy
production rate over the relevant domain, using a volume integral
for the flow field and an area integral for wall surfaces. The time-
averaged, turbulent, and wall components are evaluated using Eqgs.
(11)—(13), respectively. The total entropy production is defined as
their sum, as given in Eq. (14).

ASD:/SDdV (11)
v
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AST:/STdV (12)

"4

ASW:/SWdS (13)
S

AS=ASp + ASt + ASw (14)

2.4. Vortex identification criterion
The Liutex vortex identification criterion (Liu et al., 2018) is

employed to accurately extract the rigid body rotation component
of the flow. Its mathematical expression is given as follows:

wR= (@) — /(1) — 4%

wR = wRr-r

(15)

(16)

where w denotes the vorticity vector, r denotes the Liutex direc-
tion vector, and the term involving 1. corresponds to the imagi-
nary part of the complex eigenvalue of the velocity gradient tensor.
On this basis, the shear component of vorticity ws can be separated
(Wuetal., 2025). The corresponding expression is given as follows:

Ws = — wR (17)

Because vorticity is not directly equivalent to energy loss, the
energy characteristics related to vorticity are represented by ens-
trophy. The enstrophy is calculated as follows:

w-w
Q="
2

Similarly, the enstrophy associated with vortex wg and shear

component wg are calculated as follows:

(18)

ag =218 (19)
[ I1)]
Qs =25 (20)

3. Simulation setup and validation
3.1. Geometric model

Helical centralizers are commonly used in PCP wells, and a
representative centralizer is shown in Fig. 1. The solid domain of
the model consists of the tubing, sucker rod, and centralizer, with
geometric dimensions summarized in Table 1. A three-
dimensional solid model was first constructed and simplified
where appropriate, as illustrated in Fig. 2. The fluid domain was
then extracted from the solid model. The X-Z plane was defined as
the horizontal reference plane, with the Y axis oriented vertically.
The oil-water mixture flows through the annular passage, with the
primary flow direction aligned with the positive Y axis.

3.2. Model motion description

Because centralizer installation substantially reduces rod-
tubing eccentricity, the sucker rod, centralizer, and tubing are
simplified as a concentric configuration, representing an idealized
condition in which eccentricity effects are significantly reduced.
Two types of motion are considered in the model, as illustrated in
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Fig. 1. PCP rod centralizer.

Table 1

Geometric parameters of the model.
Geometric parameter Dimension
Tubing inner diameter 76 mm
Sucker-rod diameter 28 mm
Tubing/sucker-rod length 1000 mm
Centralizer outer diameter 62 mm
Centralizer inner diameter 32 mm
Centralizer length 130 mm
Helical rib thickness 7.5 mm
Helical rib width 15 mm
Helix pitch 520 mm

Fig. 2. First, sucker rod rotation is imposed via moving wall with a
prescribed rotational speed. Second, flow-induced rotation of the
centralizer is captured using a Six-DOF solver; the governing
formulation is provided in Section 2.2. The centralizer is made of
nylon and has a mass of 0.3665 kg as calculated from its geometry.
Only the axial rotational degree of freedom is retained, with the
rotation axis aligned with the Yaxis and the rotation center located
at (0, 500, 0). The moment of inertia is 6.4 x 10~% kg-m? With
these parameters and the hydrodynamic loads acting on the
centralizer, the Six-DOF solver updates the centralizer's rotational
motion. To capture the coupling between centralizer rotation and
the flow field, a sliding mesh approach is adopted. The mesh in the
rotating region moves synchronously with the centralizer.

3.3. Numerical simulation setup

The SST k — w turbulence model was adopted to simulate the
complex flow in the wellbore annulus with a rod centralizer. This
model combines the k — e and k — » models through blending
functions, using the k — @ model near the wall and the k — £ model
in the far field. For the complex flow near the centralizer, including
high near-wall shear, local separation and recirculation induced by
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/— Outlet

l

Tubing

Sucker rod

Centralizer

Flow-induced rotation

@@ Sucker rod rotation

l
-

Fig. 2. Three-dimensional model of the solid domain.

I Flow direction

geometric transitions, the SST k — @ model provides a suitable
balance between computational accuracy and cost (Ren et al.,
2025a).

The produced fluid is modeled as an oil-water two-phase flow
using the Mixture multiphase model with a pressure-based solver.
Gravity is included, with an acceleration of 9.81 m/s? applied in the
negative Y direction. To improve accuracy and convergence,
second-order upwind discretization is used for the momentum
equation and the turbulence transport equations. Pressure is dis-
cretized using the Body Force Weighted scheme, and velocity-
pressure coupling is handled using the Coupled algorithm. A
time step of 0.01 s is adopted to ensure numerical stability and
reliability.

The flow is assumed to be isothermal, and the fluid properties
are specified at room temperature, 20 °C (Li et al., 2019). The oil
phase has a density of 860 kg/m? and a viscosity of 0.02 Pa-s. The
aqueous phase is an HPAM solution with a density of 998.2 kg/m?>.
Its viscosity follows a shear-thinning power-law rheology, which is
described by:

r=Kj" (21)
where z is the shear stress, Pa; K is the consistency index; y is the
shear rate, s~'; and n is the power-law exponent. Different HPAM
mass concentrations (Cypanm) vield different values of the consis-
tency index K and power-law exponent n. Rheometer measure-
ments were fitted to the power-law model to determine the
rheological parameters for each concentration, as summarized in
Table 2.

Boundary conditions are specified as follows. A velocity-inlet
condition is applied, with inlet velocity (Uj,), oil volume fraction
(ao), turbulence intensity, and hydraulic diameter prescribed for
each case. A pressure-outlet condition is imposed at the outlet
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Table 2
Rheological parameters
concentrations.

of HPAM aqueous solutions at different mass

Chpam, mg/L K n

400 0.00334 0.90476
800 0.00581 0.84405
1200 0.00849 0.80839
1600 0.01112 0.79318

with a gauge pressure of 0 Pa. A no-slip condition is applied on all
wall boundaries. Prior to the simulations, the flow field is
standard-initialized and at t = 0, set ap =0 and ay, = 1.

3.4. Meshing and grid-independence validation

The three-dimensional fluid domain was meshed and divided
into a rotating region and a stationary region. The rotating region
corresponds to the annular region around the centralizer, which
features complex geometry; therefore, an unstructured tetrahe-
dral mesh was employed in this region. A structured hexahedral
mesh was used in the stationary region. Data exchange between
the two regions was enabled via interfaces. Boundary-layer
refinement was applied to the inner and outer annulus walls and
on the centralizer surfaces. The near-wall mesh satisfied the SST
k — w turbulence model requirement, with y™ < 1. The mesh was
generated using a multi-zone meshing strategy, as shown in Fig. 3.

Because pressure drop is the primary response variable of in-
terest, it was selected as the metric for the grid-independence
validation. As shown in Fig. 4, increasing the grid number from
0.77 million to 1.04 million led to a pronounced increase in the
simulated pressure drop. Further increasing the grid number from
1.04 million to 2.12 million changed the simulated pressure drop
by only 1.75%, whereas the computational time increased by a
factor of three. Therefore, the grid number of 1.04 million was
considered sufficiently grid-independent for pressure-drop simu-
lation, and further refinement would substantially increase the
computational cost.

3.5. Experimental data validation

To validate the numerical approach, a numerical model was
developed based on the experimental setup reported by Shu et al.
(2006). The apparatus consists of a concentric annular pipe with
an outer pipe inner diameter of 50 mm and an inner pipe outer
diameter of 25 mm. The total annulus length is 2.5 m. A helical

A Interfacel
Interface f 2o B

5 layers

Interface

Fig. 3. Grid of the numerical model.
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Fig. 4. Grid-independence validation.

centralizer was installed at a location 20 hydraulic diameters
downstream of the inlet, and the pressure drop was measured
using sensors. The validation model in the present study was
established strictly according to the experimental parameters and
employed the same concentric and stationary configuration as the
experiment. The simulated results are compared with the exper-
imental data in Table 3.

Across four operating conditions, pressure losses for pure water
and power-law fluids flowing through an annulus centralizer at
different flow rates were simulated and showed good agreement
with experimental measurements. The maximum relative error
was 8%, indicating that the model can predict pressure drop in the
centralizer annulus with acceptable accuracy.

4. Results and discussion
4.1. Pressure drop characteristics and sensitivity analysis

The key factors considered to affect pressure drop include inlet
velocity (Ui, ), oil volume fraction (ao ), sucker rod rotational speed
(nyoq), and HPAM mass concentration (Cypan ). The investigated
ranges of these parameters were selected based on field operating
conditions of PCP wells in a representative oilfield and are listed in
Table 4.

Transient simulations were performed in this study. After 6 s of
simulation, the flow field reaches a quasi-steady stage, during
which the rotational speed and hydrodynamic force of the
centralizer become stable. The pressure drop shows no sustained
increasing or decreasing trend, but only small fluctuations, with a
relative fluctuation amplitude of approximately 1.2%. Therefore,
the flow field after 6 s is considered to have reached a statistically
steady state, and all subsequent analyses are based on time-
averaged results obtained during this stable stage.

Petroleum Science 23 (2026) 6779-6795

Table 4
Parameters and ranges for pressure-drop analysis.
Parameters Ranges
Uin, m/s 0.2,0.3,04, 0.5, 0.6
ao, % 0,25,5,7.5,10
TNyod, T/mMin 30, 40, 50, 60, 70
Cripam, mg/L 0, 400, 800, 1200, 1600

Fig. 5 presents the dependence of pressure drop on Uj,, ao, Nyod,
and Cypam, respectively. Pressure drop increases approximately
quadratically with U;, and Cypay, Whereas it increases approxi-
mately linearly with a, and n,yq.

To identify the dominant factors governing pressure drop, a
sensitivity analysis was performed by combining an orthogonal
experimental design with analysis of variance (ANOVA) over
preset ranges of four factors: Uj,, ao, Nyog, and Cypam- 25
mixed-level strictly orthogonal cases were simulated using
CFD, and the resulting pressure drops are summarized in
Table 5. A main-effects-only general linear model was then
fitted, with pressure drop as the response and the four factors
treated as categorical predictors. Type IIl ANOVA was used to
assess the independent effect of each factor. To quantify rela-
tive importance, the Type Il sums of squares for the four
factors were normalized to yield an independent contribution
(IC) for each factor, enabling identification and ranking of the
dominant contributors. The sensitivity analysis results are
summarized in Table 6.

Sensitivity analysis indicates that, within the investigated
ranges, pressure drop is most sensitive to U;,. The independent
contribution of U;, is approximately 97.37%, making it the domi-
nant factor of pressure drop. ao is a secondary factor with an in-
dependent contribution of about 1.51%. Cypay and n,,4 have much
smaller contributions of approximately 0.86% and 0.26%, respec-
tively. Given that inlet velocity is the dominant factor, its influence
on pressure drop is examined in detail in the following sections.

4.2. Flow-induced rotational behavior of the centralizer

Fig. 6 shows the torque acting on the centralizer. Owing to
its helical geometry, hydrodynamic forces generate a driving
torque that induces rotation. The temporal evolution of torque
is similar across inlet velocities: immediately after start-up, the
torque increases rapidly to a peak value, then decreases grad-
ually, and finally approaches a steady state with a near-zero net
torque. Torque fluctuations are observed during the transient
stage, which are attributed to changes in local mixture prop-
erties as the oil-water flow enters the centralizer region and
modifies the hydrodynamic loading. As shown in Fig. 7,
increasing Uj, increases the peak torque while reducing the
relative fluctuation amplitude, and it shortens the time
required to reach the steady state.

Fig. 8 shows the rotational speed of the centralizer. The tem-
poral evolution is similar at different inlet velocities: the speed

Table 3
Comparison of experimental and simulated results.
Case ID Rheological parameters Flow rate, Pressure loss, Pa Relative error,
n K Lls Measured value Simulated value %
1 1 0.001 0.478 130 123.71 4.84
2 0.7705 0.0035 0.508 510 489.12 4.09
3 0.7705 0.0035 1 890 961.26 8.00
4 0.7705 0.0035 1.5 1510 1629.08 7.89
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Table 5

Orthogonal experimental design (full table is provided in Appendix A).

CaseID Uj,, m/s o, % Ny, r/min  Cypay, mg/L  Pressure drop, Pa
1 0.2 0.0 30 0 275.19
2 0.2 2.5 40 400 339.62
3 0.2 5.0 50 800 376.89
23 0.6 5.0 40 0 1778.52
24 0.6 7.5 50 400 2435.16
25 0.6 100 60 800 2539.79

Table 6

ANOVA results.
Parameter Type 111 SS IC, %
Uin 11771733.60 97.37
o 182633.70 1.51
Chpam 103665.01 0.86
Nrod 31427.36 0.26

increases from zero and eventually reaches a steady value. During
the transient stage, the speed exhibits fluctuations that correspond
to the torque oscillations. As shown in Fig. 9, increasing U;,, leads to
a higher steady rotational speed and a smaller fluctuation
amplitude.
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These results indicate that Uj, strongly affects the hydro-
dynamic loading and rotational state of the centralizer. Higher
inlet velocity intensifies the centralizer-induced disturbance to
the flow field and consequently increases its impact on pres-
sure drop.
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Fig. 6. Centralizer torque at different Uj,.
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Fig. 9. Centralizer rotational speed fluctuations at different Uj,.

4.3. Spatial distribution of entropy production rate

For clarity in describing spatial variations, the fluid domain was
divided into 11 streamwise regions (V1-V11), as shown in Fig. 10.
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Regions V1-V5 correspond to the centralizer upstream region
(CUR), V6 represents the centralizer annulus region (CAR), and
V7-V11 correspond to the centralizer downstream region (CDR). In
addition, V5 and V7 are designated as the centralizer inlet region
(CIR) and the centralizer outlet region (COR), respectively.

4.3.1. Time-averaged entropy production rate (Sp)

Fig. 11 presents cross-sectional contours of the time-averaged
entropy production rate at different U;,. Because its magnitude
varies substantially among cases, the contours are displayed on a
logarithmic scale to better reveal spatial patterns. As U;, increases
from 0.2 to 0.6 m/s, the volume-averaged time-averaged entropy
production rate rises from 0.21 to 2.45 W/(m?.K). High-value re-
gions are mainly concentrated in the near-wall boundary layers
and CAR. As shown in Fig. 12, values in the boundary layers are far
higher than those in the non-boundary layers region. The
streamwise distribution in Fig. 13 shows that CAR has the highest
time-averaged entropy production rate among the three regions.

4.3.2. Turbulent entropy production rate (St)

Fig. 14 presents cross-sectional contours of the turbulent en-
tropy production rate at different Uj,. As Uy, increases from 0.2 to
0.6 m/s, the volume-averaged turbulent entropy production rate
rises from 0.05 to 1.43 W/(m3-K). The turbulent entropy produc-
tion rate exhibits pronounced streamwise non-uniformity, with
high-value regions concentrated in CAR and CDR. As shown in
Fig. 15, the CUR exhibits the lowest turbulent entropy production
rate. At inlet velocities of 0.2-0.3 m/s, the CDR contributes more
than the CAR, whereas at 0.4-0.6 m/s the CAR becomes the
dominant region.

4.3.3. Wall entropy production rate (Sw)
The wall entropy production rate is evaluated on three sur-
faces: centralizer surface, outer annulus wall, and sucker rod wall.

V11 7
V10
L CUR
V9
V8
V7 O
\COR
V6 — CAR
_»CIR
V5 7
V4
V3
- CDR
V2
vl oo-

Fig. 10. Subregion division of the fluid domain.
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Fig. 11. Cross-sectional contours of the time-averaged entropy production rate at different Uj,.

Fig. 16 illustrates the distribution of wall entropy production rate
on the centralizer surface at different U;,. The distribution is
relatively uniform, except for a localized high-value region near
the lower end of the centralizer. As U;, increases from 0.2 to 0.6 m/
s, the area-averaged wall entropy production rate on the central-
izer rises from 0.00296 to 0.03543 W/(m?-K).

Figs. 17 and 18 show the wall entropy production rate dis-
tributions on the outer annulus wall and sucker rod wall,
respectively, for different U;,. Because these walls are cylin-
drical, the surfaces are unwrapped into planar rectangles to
better visualize spatial variations. As U, increases from 0.2 to

0.6 m/s, the area-averaged wall entropy production rate
50
. 46.29
- Boundary layer region
40 A - Non-boundary layer region
< 30.26
< 30
£
=
3 20
I(/? 18.30

0.2 0.3 0.4 0.5 0.6

Uy, m/s

Fig. 12. Time-averaged entropy production rate in boundary-layer and non-boundary
layer region.
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increases from 0.000158 to 0.0031 W/(m?-K) on the outer wall
and from 0.000296 to 0.00229 W/(m?K) on the sucker rod
wall. As indicated by Figs. 19 and 20, both surfaces exhibit
pronounced streamwise non-uniformity. High wall entropy
production rate is concentrated in CAR and is substantially
higher than that in CUR and CDR.

Overall, the entropy production rate distributions indicate that
energy dissipation is highly non-uniform in the streamwise di-
rection and is mainly concentrated in CAR and its adjacent tran-
sition regions. The flow-field mechanisms responsible for these
localized high entropy production regions are further analyzed in
Section 4.5.

35
I cur 3178
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[Jcor
25 4
< 21.24
:’% 20 1
2
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0.2 0.4 0.5 0.6
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Fig. 13. Streamwise distribution of the time-averaged entropy production rate in
different regions.
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Fig. 14. Cross-sectional contours of the turbulent entropy production rate at different Uj,.

4.4. Quantitative analysis of entropy production

To quantify the streamwise distribution of total entropy
production while removing the bias introduced by unequal
region volumes, the volume-averaged total entropy production
was evaluated for regions V1-V11. Fig. 21 shows that total
entropy production is relatively low in CUR (V1-V5) but in-
creases sharply in CAR (V6). In CDR (V7-V11), the level re-
mains higher than that in CUR and gradually decreases with
increasing distance from the centralizer. Fig. 22 reports the
fraction of total entropy production occurring in CAR (V6) at
different inlet velocities. In all cases, more than 60% of total
entropy production originates from V6, indicating that the
centralizer annulus region is the dominant energy loss region.
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Fig. 15. Streamwise distribution of the turbulent entropy production rate in different
regions.
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Fig. 23 illustrates the effect of U, on time-averaged, tur-
bulent, wall, and total entropy production. All components
increase with increasing U;,. In terms of relative amplification
from 0.2 to 0.6 m/s, time-averaged entropy production in-
creases by a factor of 10.52, turbulent entropy production by
25.11, and wall entropy production by 11.82. Therefore, U;, has
the strongest effect on turbulent entropy production, followed
by wall entropy production and then time-averaged entropy
production.

Fig. 24 presents the fraction of each entropy production
component at different U;,. Within the investigated U, range,
time-averaged entropy production dominates, accounting for more
than 50% in all cases. This dominance arises because the velocities
considered are relatively low, resulting in weak turbulence and
limited wall-friction dissipation; consequently, viscous dissipation
associated with the time-averaged velocity field is the primary
source of energy loss. As U, increases, the fraction of time-
averaged entropy production decreases, whereas the turbulent
fraction increases. This trend reflects the rise in turbulence in-
tensity with U;,, which amplifies turbulence-related dissipation.
Although time-averaged entropy production also increases with
inlet velocity, its relative contribution to the total energy loss di-
minishes. The wall contribution varies only weakly across the
investigated Uj, range.

Overall, the quantitative results show that energy loss is
mainly concentrated in CAR and that time-averaged entropy
production is the primary contributor to total entropy produc-
tion. These findings provide the basis for the flow-field mecha-
nism analysis in Section 4.5.

4.5. Flow-field analysis

Building on the entropy production analysis, the flow-field
characteristics are examined to elucidate the mechanisms
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Fig. 17. Contours of the wall entropy production rate on the outer annulus wall at different Uj,.
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Fig. 18. Contours of the wall entropy production rate on the sucker rod wall at different Uj,.

responsible for localized pressure loss. The case with U, = 0.6 m/s
is used as a representative example.

4.5.1. Shear component of vorticity

Time-averaged entropy production reflects irreversible dissi-
pation associated with molecular viscosity. The time-averaged
entropy production rate exhibits high values primarily within
near-wall boundary layers and CAR. In these regions, velocity
gradients are large, resulting in high shear (Liao et al., 2025). To
quantify the relationship between time-averaged entropy pro-
duction and shear intensity, the shear component of vorticity was
separated following Section 2.4. The volume-averaged time-aver-

aged entropy production (Spy) and the volume-averaged shear
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Fig. 19. Streamwise distribution of the wall entropy production rate on the outer
annulus wall in different regions.
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enstrophy (Qsy) were then computed for each of the 11
subregions.

Fig. 25 shows the streamwise distributions (V1-V11) of the
Spv and Qgy. The two profiles exhibit highly consistent trends
across the regions, indicating a strong association between
viscous dissipation and shear. Both quantities remain low in
V1-V5, increase sharply in V6, and then decrease gradually in
V7-V11. Their maxima both appear in CAR, which is consistent
with the result in Fig. 13 that CAR is the dominant viscous loss
region.

Fig. 26 shows the cross-sectional distributions of total ens-
trophy, shear enstrophy, and vortex enstrophy. Shear enstrophy
is mainly concentrated in the near-wall boundary layer region,
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Fig. 20. Streamwise distribution of the wall entropy production rate on the sucker rod
wall in different regions.
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and CAR, which is highly consistent with the distribution of
time-averaged entropy production rate shown in Fig. 11. This
further confirms their correlation and indicates that shear
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vortices are the primary cause of high time-averaged entropy
production regions.

The formation of these high-shear regions can be explained
by the local geometry of the centralizer. When the flow enters
the centralizer annulus region, the effective flow area is
reduced by the centralizer body, forcing the fluid to accelerate
through the narrow annular clearances. This produces large
near-wall velocity gradients and strong shear.

In addition, Fig. 26 shows that the spatial distribution and
magnitude of shear enstrophy are very similar to that of total
enstrophy, whereas vortex enstrophy only exhibits limited
high-value regions near COR. This indicates that enstrophy in
the present flow field is mainly dominated by the shear
component, while the rotational component primarily reflects
local recirculation and rotational structures and contributes
relatively little to the overall energy loss. This is consistent
with the conclusion drawn from Fig. 24 that time-averaged
entropy production dominates the total energy loss.

4.5.2. Rotational component of vorticity
The centralizer geometry and its rotation can locally induce
vortices, potentially leading to elevated turbulent entropy
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Fig. 26. Cross-sectional contours of enstrophy.

production. Therefore, the turbulent entropy production is
analyzed in conjunction with vortex characteristics. Vortices were
identified using the Liutex criterion.

The volume-averaged turbulent entropy production (Spy) and
the volume-averaged vortex enstrophy (2gy) were evaluated for
each of the 11 subregions. As shown in Fig. 27, the two profiles
exhibit similar streamwise trends. Both quantities increase
markedly at V6 and attain their maxima at V7, indicating a strong
association between vortices and turbulent dissipation.

To distinguish the contributions of vortices with different ori-
entations, the Y axis is defined as the streamwise direction.
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Fig. 27. Streamwise distributions of Sty and Qgy.
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Fig. 28. Spatial distributions of streamwise and transverse vortices: (a) streamwise
vortices; (b) transverse vortices.

Vortices with axes aligned with the streamwise direction are
classified as streamwise vortices, whereas those with axes ori-
ented along the circumferential tangential direction of the annulus
are classified as transverse vortices. As shown in Fig. 28, stream-
wise vortices are mainly located near the outer edge of the
centralizer and in the annular clearance region, where the com-
bined effects of centralizer rotation and sucker rod rotation
introduce tangential motion. Transverse vortices are mainly
distributed near CIR and COR, where contraction-expansion tran-
sitions cause flow deflection and local recirculation.

The integrated vortex intensity is 0.0139 s~ !, with streamwise
and transverse contributions of 0.0081 and 0.0096 s, respec-
tively. The two contributions are of the same order of magnitude,
with the transverse component being slightly larger. This in-
dicates that transverse vortex generation is more pronounced
because two annular clearances (centralizer-sucker rod and
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Fig. 29. Streamwise distributions of Sy, and 7,.
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Fig. 30. Centralizer surface shear stress and cross-sectional streamlines: (a) contour
of centralizer surface shear stress; (b) X-Y plane streamlines.
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centralizer-outer wall) and their combined geometric transitions
enhance transverse vortex generation.

4.5.3. Wall shear stress
Wall entropy production represents irreversible energy loss
associated with wall friction. To quantify its relationship with wall

Petroleum Science 23 (2026) 6779-6795

shear stress, the area-averaged wall entropy production (Sy,) and
the area-averaged wall shear stress (7,) were computed for each of
the 11 subregions.

As shown in Fig. 29, the two profiles exhibit highly consistent
streamwise variations, and both reach their maxima in V6. This
confirms that wall entropy production is mainly governed by local
wall shear stress. The peak in CAR indicates that the centralizer
intensifies wall-friction loss by narrowing the flow passage and
increasing near-wall shear stress.

Fig. 30(a) shows the wall shear stress distribution on the
centralizer surface. The stress is relatively uniform, except for
localized high-stress regions near the lower end of the centralizer.
As indicated by the cross-sectional streamlines in Fig. 30(b), the
incoming flow impinges on the lower end of the centralizer when
entering the CAR, resulting in elevated wall shear stress. This re-
gion coincides with high wall entropy production.

Fig. 31(a) shows the outer-wall shear stress distribution. High-
shear regions are concentrated in CAR, with a distinct ring-shaped
band near the centralizer inlet. Fig. 31(b) shows the corresponding
streamlines on the X-Y plane. As the flow enters CAR from up-
stream, it is constricted by the narrow clearance between the
centralizer and the outer wall. This constriction induces local ac-
celeration and pronounced flow deflection, thereby locally
increasing outer-wall shear stress. Furthermore, Fig. 31(c) shows
the X-Z plane streamlines at the dashed-line location in Fig. 31(b),
revealing a pronounced radial component directed toward the
outer wall. This radial deflection as the flow enters the clearance
strengthens outer-wall impingement and substantially increases
local wall-friction loss.

Fig. 32(a) shows the wall shear stress distribution on the sucker
rod wall. High shear regions are mainly concentrated in CAR and
near CIR and COR. Fig. 32(b) shows the corresponding X-Y plane
streamlines. Near CIR, the flow area drops sharply as the fluid
enters the narrow sucker rod-centralizer clearance. The flow ac-
celerates along the wall and develops a radial component, which

Wall shear stress, Pa

Fig. 31. Annulus outer wall shear stress and cross-sectional streamlines: (a) contour of annulus outer wall shear stress; (b) X-Y plane streamlines; (c) X-Z plane streamlines.
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Fig. 32. Sucker rod surface shear stress and cross-sectional streamlines: (a) contour of
sucker-rod surface shear stress; (b) X-Y plane streamlines.

strengthens near-wall impingement and produces a localized high
wall shear stress at the inlet. After exiting the clearance into the
downstream sudden-expansion section, flow separation and
recirculation become pronounced. The resulting near-wall reat-
tachment and high-shear regions lead to a banded distribution of
wall shear stress on the inner rod.

5. Conclusions

A multiphase numerical model of the PCP wellbore annulus
with a rod centralizer was developed to systematically investigate
pressure drop and flow-field characteristics. Accounting for flow-
induced rotation, oil-water two-phase flow, and power-law
rheology, the pressure drop trends were quantified and the
dominant factor was identified via sensitivity analysis. Entropy
production analysis was then used to characterize the spatial
distribution and components of energy dissipation, and vorticity-
field analysis was combined to elucidate the underlying mecha-
nisms of pressure loss. The main findings are summarized as
follows.

(1) In the PCP wellbore annulus, pressure drop increases
approximately quadratically with inlet velocity and HPAM
mass concentration, and approximately linearly with oil
volume fraction and sucker rod rotational speed. Sensitivity
analysis identifies inlet velocity as the dominant factor, with
an independent contribution of 97.37%.

(2) Flow-induced rotation of the centralizer is highly dependent
on inlet velocity. Higher inlet velocity shortens the time to
reach a steady rotational speed and increases the steady
rotational speed. Under oil-water two-phase conditions,
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both torque and rotational speed fluctuate, but the fluctu-
ation amplitude decreases as inlet velocity increases.

(3) Entropy production analysis shows that centralizer-induced
pressure losses are highly non-uniform in space. The
centralizer annulus region accounts for more than 60% of
the total pressure loss. Time-averaged entropy production is
the dominant component, contributing more than 50% of
the total entropy production. Increasing inlet velocity am-
plifies all three components; however, their relative frac-
tions evolve differently, with a decreasing time-averaged
fraction, an increasing turbulent fraction, and a nearly un-
changed wall fraction.

(4) Liutex-based correlation analysis between the vorticity field
and entropy production reveals strong spatial agreement,
indicating that the geometric transitions and flow-induced
rotation of the centralizer induce vortex clustering, which
enhances energy dissipation and increases local pressure
drop. Further analysis shows that shear vorticity primarily
contributes to viscous loss, while rotational vorticity mainly
accounts for turbulent loss.

(5) Wall shear stress exhibits strong spatial agreement with
wall entropy production, confirming that wall shear stress
governs wall-friction loss. Streamline analysis indicates that
local acceleration and separation-reattachment associated
with contraction-expansion transitions drive the variations
in wall shear stress.

This study still has certain limitations. First, the present model
is mainly applicable to low gas-fraction conditions. Future work
will further examine the influence of gas behavior on wellbore
pressure drop characteristics. Second, the present model assumes
a concentric configuration of the sucker rod, centralizer, and
tubing. However, residual eccentricity can cause non-uniform
local clearances, increasing velocity gradients and viscous dissi-
pation on the narrow-gap side, while promoting asymmetric
recirculation and vortex structures on the wide-gap side. There-
fore, future work will further consider the influence of residual
eccentricity on the energy-loss mechanism.
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Appendix A. The full contents of Table 5

Table A.1
The full contents of Table 5 (orthogonal experimental design).

CaseID Uy, m/s ao, % Ny, r/min  Cypay, mg/L  Pressure drop, Pa
1 0.2 0.0 30 0 275.19
2 0.2 2.5 40 400 339.62
3 0.2 5.0 50 800 376.89
4 0.2 7.5 60 1200 414.72
5 0.2 10.0 70 1600 456.62
6 0.3 0.0 40 800 643.17
7 0.3 25 50 1200 558.79
8 0.3 5.0 60 1600 768.31
9 0.3 7.5 70 0 752.90
10 0.3 10.0 30 400 782.74
11 0.4 0.0 50 1600 1112.73
12 0.4 2.5 60 0 1043.09
13 0.4 5.0 70 400 1153.20
14 0.4 7.5 30 800 1214.16
15 0.4 10.0 40 1200 1293.45
16 0.5 0.0 60 400 1591.06
17 0.5 25 70 800 1660.82
18 0.5 5.0 30 1200 1731.76
19 0.5 7.5 40 1600 1834.64
20 0.5 10.0 50 0 1770.24
21 0.6 0.0 70 1200 2266.89
22 0.6 2.5 30 1600 2370.48
23 0.6 5.0 40 0 1778.52
24 0.6 7.5 50 400 2435.16
25 0.6 100 60 800 2539.79
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