
Influence of fracturing fluid rheology on proppant transport and
elbow erosion: A comparative CFD-DEM study

Chun-Rong Wang a, Peng Wang a,b, Xing-Yang Guo a, Shi-Wei Qiao a, Jian-Ping Yuan a,
Yan-Dong Gu c, Fan Meng d, Qiao-Rui Si a,*

aResearch Center of Fluid Machinery Engineering and Technology, Jiangsu University, Zhenjiang, 212013, China
b Shandong Shuanglun Co.,Ltd. Weihai Shangdong 264209, China
c Yangzhou Univ, Coll Hydraul Sci & Engn, Yangzhou 225009, China
d School of Mechanical Engineering, Changzhou Institute of Technology, Changzhou 213032, China

a r t i c l e i n f o

Article history:
Received 5 August 2025
Received in revised form
6 December 2025
Accepted 12 January 2026
Available online 14 January 2026

Keywords:
Hydraulic fracturing
Erosion
Proppant transport
CFD-DEM
Shear-thinning fluid
Two-phase flow
Elbow pipe

a b s t r a c t

To enable the precise prediction and control of erosion in hydraulic fracturing pipelines, this study
employs a CFD-DEM method coupled with a wear model to quantitatively analyze the influence of
shear-thinning fracturing fluids on proppant transport and elbow erosion. The study reveals a critical,
non-monotonic effect of fluid concentration on erosion. Compared to the water baseline, the low-
concentration (0.2%) fluid, by enhancing particle impact kinetic energy, counter-intuitively caused the
maximum elbow erosion rate to surge by approximately 40%. However, as the concentrationwas further
increased to 0.4%, the fluid's effective viscosity became dominant, causing the maximum erosion rate to
plummet relative to the 0.2% case, ultimately falling to a level ~8% below the water baseline. More
importantly, the high-concentration fluid altered particle trajectories, leading to a significant shift of the
peak erosion zone from the elbow's midpoint (~77◦) to its outlet (90◦). This finding quantifies the
complex impact of fracturing fluid rheology on erosion and provides critical data and a new perspective
for proactively managing pipeline integrity by optimizing the fluid's non-Newtonian properties.

© 2026 Chinese Petroleum Society. 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/).

1. Introduction

Hydraulic fracturing is a pivotal technology for the efficient
exploitation of unconventional resources such as shale gas and
tight oil. The process fundamentally involves the high-pressure
injection of proppant-laden fluid into subsurface reservoirs to
create and sustain high-conductivity artificial fractures (Kang
et al., 2024; Li et al., 2024; Zhao et al., 2024). This process relies
on high-pressure pumping units, such as the fracturing pumper
shown in Fig. 1, which deliver the slurry through a complex
manifold of pipes and elbows to the wellhead. The high-pressure
piping system on such equipment contains numerous elbows
that are critical points for erosion analysis (Liu et al., 2024a; Peng
et al., 2019). Direction-changing components like elbows and tees,

while essential for pipeline layout flexibility, have become hot-
spots for flow instability and severe erosional wear (Chen et al.,
2024; Wang et al., 2016; Yang et al., 2023). As the proppant
slurry passes through an elbow, particles with a density signifi-
cantly greater than the liquid phase deviate from the fluid
streamlines due to inertia, leading to high-velocity impingement
on the outer wall, followed by rebounds and secondary collisions
(Zhou et al., 2020, 2021). This continuous particle-wall impact is
the root cause of severe erosion in surface pipelines, wellhead
valves, and other critical components. Erosion not only reduces the
service life of equipment and incurs substantial maintenance costs
but, more critically, can lead towall thinning and perforation. Such
failures risk high-pressure fluid leakage, posing significant oper-
ational safety hazards and severely constraining the efficiency and
safety of fracturing operations (Li et al., 2019; Xie et al., 2020).
Therefore, an in-depth investigation and accurate prediction of the
flow dynamics and erosion patterns within elbows are of para-
mount engineering significance for ensuring the integrity of frac-
turing equipment and optimizing operational parameters.
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Unlike conventional hydraulic transport, the fracturing fluid
used in modern operations is a complex non-Newtonian fluid.
Most currently employed systems are water-based fracturing
fluids that exhibit pronounced shear-thinning characteristics,
meaning their apparent viscosity decreases with an increasing
shear rate. This unique rheological property is key to achieving
low-friction transport and efficient proppant suspension, however,
it also significantly complicates the two-phase flow dynamics
within the pipeline. The fluid's rheology directly dictates the drag
force, lift force, and turbulent structures acting on the proppant
particles, which in turn profoundly influences particle trajectories,
velocity distributions, concentration fields, and collision patterns
with the pipe wall (Chi et al., 2024). Nevertheless, a majority of
current research on fracturing pipeline erosion still relies on
simplified Newtonian fluid assumptions or empirical/semi-
empirical models (Eppala et al., 2023; Friman Peretz and Levy,
2019; Harbottle et al., 2011; Hashemi et al., 2016; Sun et al.,
2015). Although numerous correlations have been developed in
recent years to guide practical applications, the lack of a robust
theoretical foundation and an in-depth understanding of the
complex flow physics remains a critical bottleneck constraining
technological advancement. In particular, the flow behavior within
elbows is subject to the complex, coupled influence of numerous
factors, including material properties, operating conditions, and
pipeline geometry (Markauskas et al., 2022; Peng et al., 2023; Zhao
et al., 2021). The underlying mechanisms by which shear-thinning
rheology governs proppant transport and erosional wear, espe-
cially within complex geometries like elbows, remain poorly
understood.

Based on the foregoing, it is evident that our comprehension of
hydraulic transport phenomena, especially in contexts featuring
non-Newtonian fluids and bend-pipe geometries, is not yet com-
plete. This makes the precise theoretical prediction of elbow
performance a formidable challenge. As a matter of principle,
numerical simulation techniques provide a viable means to
supplement the limitations of both theoretical analyses and
experimental investigations. The coupled approach combining
Computational Fluid Dynamics (CFD) with the Discrete Element
Method (DEM) referred to as CFD-DEM has been recognized as a
robust tool for addressing these types of problems (Cheng et al.,
2017; Hou et al., 2023; Li et al., 2021; Sun et al., 2023; Wan
et al., 2023; Wu, 2022). The CFD-DEM methodology enables the
direct resolution of the bidirectional coupling between the fluid
and discrete particle phases, obviating the need for complex

constitutive models for the solid phase stress, and is thus suitable
for a wider spectrum of flow conditions (Deng et al., 2024; Liu
et al., 2024b; Ma et al., 2022; Sun et al., 2024; Teng et al., 2022;
Wang and Ji, 2018). Of particular importance, this method yields
detailed information for each particle, including its trajectory,
velocity, and impact data (El Geitani and Blais, 2023; Li et al., 2024;
Liu et al., 2024c; Wang et al., 2023), which is indispensable for the
direct prediction of wall erosion.

However, the majority of existing CFD-DEM studies have pri-
marily focused on scenarios with Newtonian fluids as the carrier
medium or have been limited to simple straight-pipe flows. Li et al.
(2025) employed the CFD-DEM method to investigate the effects
of transport velocity, initial concentration, and particle size
grading (PSG). Their results indicated that smaller particles tended
to migrate toward the pipe center, while larger particles tended to
accumulate near the pipe wall during transport. A more uniform
particle distribution was achieved at higher transport velocities
and lower initial concentrations. They also found that transport
performance, including particle velocity, stability, and energy ef-
ficiency, could be enhanced by increasing the proportion of
smaller particles (Li et al., 2025). Chen et al. (2015) conducted
numerical simulations using a coupled CFD-DEM approach to
predict the maximum erosion rates and locations in 90◦, 60◦, and
45◦ elbows. Their results showed that while the maximum erosion
rates for the three elbows were distinctly different, the location of
maximum erosionwas consistently identified at or near the elbow
outlet (Chen et al., 2015). Schnorr Filho et al. (2022) studied the
hydraulic transport of solid particles through a 90◦ bend under
highly confined conditions (pipe-to-particle diameter ratio <5). By
tracking particle structures, individual particle motion, and the
contact network of the settled bed, they investigated the influence
of water flow and particle injection rates on transport rate and
settling. A saturated transport rate was found for each water ve-
locity, and for lower velocities, a substantial number of particles
settled in the elbow region, forming a persistent, crystal-like lat-
tice over time (Schnorr Filho et al., 2022). Zhao et al. (2022)
adopted a combined CFD-DEM method to simulate the erosion
process in a 90◦ elbow with a dilute liquid-solid two-phase flow.
The simulations revealed that erosion intensified as the particle
mass content increased up to a volume fraction of 10%. Both the
pressure gradient force and the virtual mass force were found to
reduce erosion along the outer bend, as they pushed particles to-
ward the inner bend and decreased the frequency of particle-wall
collisions. Regardless of particle concentration, the particle-
turbulence interaction had a lesser effect on coarse particles. For
a given particle volume and concentration, sharper particles
resulted in less erosion due to reductions in impact angle and
particle-wall collisions for the shaped particles (Zhao et al., 2022).

While numerous CFD-DEM studies have investigated proppant
transport and erosion in Newtonian fluids, research incorporating
non-Newtonian rheology remains comparatively scarce and often
overlooks a critical aspect. Existing studies, when they do consider
non-Newtonian fluids, have predominantly focused on aspects
such as pressure drop or general particle distribution. However,
they have largely failed to establish a clear, mechanistic link be-
tween the degree of shear-thinning behavior and the resulting
erosion patterns, particularly the non-linear and potentially
counter-intuitive responses.

This constitutes a significant knowledge gap: it is currently
unknown how the competition between fluid-induced particle
acceleration (due to reduced viscosity in high-shear zones) and
viscous damping (prominent in low-shear zones) quantitatively
translates into erosion damage. Consequently, the fundamental
question of whether increasing the concentration of shear thinner
always reduces erosion has not been answered. Previous studies

Fig. 1. A typical fracturing pumper unit.
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have not provided a definitive answer, leaving a critical blind spot
in our understanding of erosion in complex fracturing fluids.

To address this specific gap, this study employs a coupled CFD-
DEMmethod, integrated with the Archard wear model, to conduct
a systematic numerical investigation. By directly comparing par-
ticle transport and erosion in a Newtonian fluid versus shear-
thinning fluids of varying concentrations, we aim to be the first
to systematically map and explain the non-monotonic erosion
response arising from shear-dependent viscosity. The objective is
to move beyond general observations and provide a fundamental,
mechanism-based understanding of this complex interplay,
thereby offering a more nuanced theoretical basis for erosion risk
assessment and fracturing fluid design.

While real-world fracturing fluids exhibit complex rheological
behaviors, a predominant and critical characteristic of many for-
mulations, such as slickwater and linear gels, is their non-
Newtonian, shear-thinning nature. A fundamental understand-
ing of how this specific property influences proppant transport
and erosion is essential. Accordingly, this study employs a
coupled CFD-DEM method, integrated with the Archard wear
model, to systematically investigate solid-liquid two-phase flow
in a 90◦ elbow. By comparing the transport and erosion charac-
teristics of particles in a Newtonian fluid versus shear-thinning
fluids (modeled via the power-law relationship), this study aims
to: (1) reveal the influence of the fluid's shear-thinning properties
on proppant particle trajectories, velocity distributions, and sus-
pension behavior; (2) analyze how different rheological proper-
ties alter the internal flow field structure and pressure
distribution within the elbow; and (3) quantitatively evaluate and
elucidate the impact of fluid rheology on the elbow's erosion rate
and the distribution of wear zones. The overarching goal is to
deepen the mechanistic understanding of how shear-thinning
rheology couples with particle dynamics and erosion phenom-
ena. The insights gained are intended to provide a foundational
theoretical basis for assessing erosion risks and informing the
principles behind the optimization of more complex fluid
systems.

2. Methodology

2.1. Particle motion

According to Newton's second law, the translational and rota-
tional motion of a particle in the DEM model is governed by the
following equations:

midvi

dt
=
∑k

j=1;j∕=i
ffp;i + fc;ij +mig (1)

Iidωi

dt
=
∑k

j=1

Tij (2)

Where mi is the particle mass; vi is the particle velocity; g is the
gravitational acceleration; Ii is the moment of inertia of the par-
ticle; ωi is the particle angular velocity; Tij is the resultant torque
acting on particle i from its contact with particle or wall j; ffp;i
represents the fluid-particle interaction force; and fc;ij is the con-
tact force exerted on particle i by particle or wall j.

2.2. Fluid flow

The flow of the continuous fluid phase is governed by the
volume-averaged continuity and Navier-Stokes equations (Zhou
et al., 2021), which can be expressed as:

∂
∂t

(
εf ρf

)
+∇⋅

(
εf ρf uf

)
= 0 (3)

∂
∂t

(
εf ρf uf

)
+∇⋅

(
εf ρf uf uf

)
= − εf∇p+∇

(
εf Rf

)
+ εf ρf g + Fpf

(4)

Where εf is the or fluid volume fraction; ρf and uf are the fluid
density and velocity, respectively;∇p represents the fluid pressure
gradient; Rf is the fluid stress tensor; and Fpf represents the
volumetric fluid-particle interaction force, which is calculated as
follows:

Fpf = −
1

Vcell

∑kc

i=1

(
fd;i + flift;i + fadd;i

)
(5)

where kc is the number of particles and Vcell is the volume of a
given computational cell; fd;i, flift;i, and fadd;i are the drag force, lift
force, and virtual mass force acting on particle i, respectively.

The fluid stress tensor, Rf , consists of two components, the
viscous stress and the Reynolds stress, and is calculated by the
following formula:

Rf = η∇uf + ρf τ (6)

where η is the dynamic viscosity of the fluid and τ is the Reynolds
stress tensor, expressed as:

τ =
2
ρf

ηtS −
2
3

η
ρf
I; S =

1
2

(
∇uf +

(
∇uf

)T)

(7)

where ηt is the turbulent viscosity. Based on the study by Zhou
et al. (2020), the modulation of turbulence by the particles is
considered negligible.

2.3. Fluid-particle interaction

The selection of an appropriate drag model is crucial for
enhancing the accuracy of numerical simulations. Accordingly, this
study assumes the solid particles to be spherical and employs the
Gidaspow drag model (Sinclair, 1995), which is widely applicable
to various flow regimes. The model is formulated as follows:

β=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

150

(
1 − εf

)2
μf

εf2dp 2
+ 1:75

(
1 − εf

)
ρf

εf dp
|u − νi|

(
εf <0:8

)

3
4
CD

(
1 − εf

)
ρf

dp
|u − νi|εf

− 2:65
(

εf ≥ 0:8
)

(8)

where dp is the particle diameter, and CD is the drag coefficient,
which is calculated as follows:
⎧
⎪⎨

⎪⎩

Cd =
24
Re

(
1+ 0:15Re0:687

)
;Re ≤ 1000

Cd = 0:44;Re>1000
(9)

where Re is the particle Reynolds number, given by the formula:

Re =
dpεf ρv|u − vi|

μf
(10)

For the simulation of liquid-solid two-phase flow, the Gidas-
pow model is one of the most widely used and validated drag
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correlations, particularly in commercial CFD software like Fluent.
In this study, for non-Newtonian fluid cases, the shear-thinning
behavior was accounted for by inputting the locally calculated
apparent viscosity into the Gidaspow correlation.

We acknowledge that more recent and specialized drag corre-
lations, developed specifically for power-law fluids (Qi et al., 2018,
2019), can offer higher precision in predicting the particle-fluid
interaction force at a micro-scale level. However, the primary
objective of this work is to investigate the macro-scale phenom-
ena—specifically, the qualitative trends of elbow erosion and the
shift in erosion patterns as a function of fluid rheology.

As our study focuses on a relatively dense slurry flow in a
confined geometry (pipe elbow), the particle-particle interactions
and the bulk rheological properties of the fluid are expected to
play a dominant role in determining the overall particle trajec-
tories and impact dynamics. Previous studies have shown that
while different dragmodels may lead to quantitative differences in
parameters like bed expansion or pressure drop, the overarching
flow patterns and qualitative trends often remain consistent,
especially in systems where inter-particle forces are significant.
Therefore, the well-established Gidaspowmodel, coupled with the
local apparent viscosity, is considered a reasonable and effective
approach to capture the fundamental physics required for the
comparative analysis in this study.

2.4. Non-Newtonian flow model

Fluid rheology is a key factor governing flow characteristics. In
this study, four carrier fluids were investigated: pure water and
aqueous solutions of carboxymethyl cellulose (CMC) at mass
concentrations of 0.2%, 0.3%, and 0.4%. The CMC solutions exhibit
shear-thinning (pseudoplastic) behavior, where their apparent
viscosity decreases as the shear rate increases. This relationship is
described by the Power-law model, expressed as follows:

τ = K _γn (11)

μa =
τ
_γ (12)

where τ is the shear stress; _γ is the shear rate; K is the consistency
coefficient; n is the flow behavior index; and μa is the apparent
viscosity.

In this study, the non-Newtonian carrier fluids were described by
thepower-lawconstitutivemodel. It is acknowledged that thismodel
represents a simplification of actual fracturing fluids, which can also
exhibit more complex behaviors such as yield stress and thixotropy.
However, the power-law model effectively captures the shear-
thinning characteristic, which is a dominant feature of many widely
used fracturing fluids like slickwater and linear gels. By employing
this model, we can isolate and fundamentally analyze the impact of
shear-dependent viscosity on proppant dynamics and erosion,
without theconfoundingeffectsof other rheologicalparameters. This
approach allows for a clearer understanding of the underlying
physical mechanisms. The rheological parameters for the aqueous
CMC solutions at different mass concentrations, referenced from
article published by Pinho andWhitelaw (1990), are listed in Table 1.

2.5. Wear model

The Archard wear model (Archard, 1953), originally proposed
by Archard in 1953, is a classic model in tribology for describing
adhesive wear. The model establishes a relationship betweenwear
volume, normal contact load, sliding distance, and material
hardness, and is widely utilized for wear prediction in fields such
as mechanical engineering, materials science, and industrial
design. In this study, the Archard wear model is employed to
quantify the erosion in the elbow, with its governing equation
given as follows:

V = k⋅
Fns
H

(13)

where V is the wear volume of the wall; k is the dimensionless
wear coefficient, which reflects the influence of various factors
such asmaterial pairing, surface roughness, lubrication conditions,
and temperature on wear; Fn is the normal load (the force acting
perpendicular to the contact surface); s is the sliding distance; and
H is the material hardness, which in this study is the hardness of
the aluminum wall material.

3. Simulation and boundary conditions

3.1. Computational domain and mesh

The three-dimensional computational domain used in this
study is depicted in Fig. 2(a). It comprises a 90◦ pipe elbowwith an
inner diameter (D) of 24 mm and a curvature radius (R) of 19 mm.
To ensure a fully developed flow profile at the elbow's entrance
and to minimize any potential backflow effects at the exit, a
straight pipe section of 1.2 m (50D) was positioned upstream, and
a 1.0 m (42D) section was placed downstream.

The entire domain was discretized using a high-quality struc-
tured hexahedral mesh featuring an O-grid topology, as shown in
Fig. 2(b). This structure is advantageous for enhancing mesh
quality in the near-wall region. A grid independence study was
performed to ensure that the simulation results were not depen-
dent on mesh resolution. Three different mesh densities were
tested: a coarse mesh (68,648 cells), a medium mesh
(110,909 cells), and a fine mesh (200,343 cells). The pressure drop
across the elbow for a representative single-phase flow case was
used as the key indicator for comparison. As illustrated in Fig. 3,
the result from the coarse mesh showed significant deviation,
while the discrepancy between the medium and fine meshes was
less than 2%. Consequently, to strike an optimal balance between
computational accuracy and efficiency, the medium mesh was
adopted for all subsequent simulations.

It is important to note that, unlike conventional single-phase
flow simulations, near-wall mesh refinement (i.e., inflation
layers) was deliberately avoided in this CFD-DEM study. This
decision is based on two critical considerations specific to dense
particle-laden flows. First, a fundamental requirement in CFD-
DEM is that the computational cell size must be significantly
larger than the particle diameter (typically >3 dp) to ensure
stable and accurate volume fraction and momentum exchange
calculations. Aggressive refinement near the wall would violate
this principle, leading to numerical instability. Second, in solid-
liquid two-phase flow, the constant bombardment of particles
against the wall surface continuously disrupts the formation of a
stable viscous sublayer. The near-wall physics is dominated by
these discrete particle-wall impacts, rendering the primary
benefit of a highly refined boundary layer mesh physically
irrelevant. Therefore, the chosen meshing strategy is considered

Table 1
Rheological properties of CMC aqueous solutions.

TS K(pa ⋅s) n _γ range (s− 1)

0.2% 0.044 0.75 140–12000
0.3% 0.184 0.64 0–12000
0.4% 0.447 0.56 115–12000
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the most appropriate and physically sound approach for this
study.

3.2. Boundary conditions and physical properties

The physical properties of the various CMC carrier fluids and
the solid proppant particles used in this study are detailed in
Tables 1 and 2. The boundary conditions for the coupled simula-
tion were configured as follows:

Inlet: A velocity-inlet boundary was applied. The carrier fluid
entered the domain at a uniform velocity of 1.8 m/s, with a spec-
ified turbulence intensity of 5% and a hydraulic diameter of 24mm.
Spherical proppant particles were injected uniformly across the
inlet surface at an initial velocity of 1.2 m/s and a constant rate of
17,000 particles per second.

Outlet: A pressure-outlet boundary condition was set with a
gauge pressure of zero, allowing particles and fluid to exit the
domain freely.

Walls: A no-slip boundary condition was enforced for the fluid
phase on all pipe walls. For the discrete phase, particle-wall

interactions were governed by DEM contact laws. The coefficients
of restitution were set to 0.9, and the coefficient of sliding friction
was 0.3.

3.3. Solver configuration and convergence

The transient simulations were performed using the commer-
cial software ANSYS Fluent, with the DEM particle tracking real-
ized through a custom User-Defined Function (UDF) for robust
coupling. The standard k-ε model was employed for turbulence
modeling. While more advanced models like RSM or DNS can offer
higher fidelity (Zheng et al., 2021), their application in industrial-
scale, coupled CFD-DEM simulations presents prohibitive
computational costs. The standard k-ε model, despite its known
limitations in flows with high streamline curvature, has been
widely and successfully used in numerous studies on slurry
erosion in pipelines and elbows. It provides a robust and compu-
tationally efficient framework for capturing the primary flow
features and turbulence characteristics that govern particle
transport and erosion. Given that the main objective of this study
is a comparative analysis of the effects of rheology, the k-ε model is
deemed sufficient to provide reliable qualitative trends and
engineering-level insights, striking an optimal balance between
accuracy and computational feasibility.

Fig. 2. Computational model setup. (a) Geometric configuration of the 90◦ elbow, The flow direction is from the bottom inlet to the right outlet. (b) A view of the structured
hexahedral mesh used for the fluid domain.

Fig. 3. Grid independence analysis. Comparison of the time-averaged axial velocity
profiles at the pipe outlet cross-section for three different mesh resolutions: Coarse,
Medium, and Fine.

Table 2
Simulation conditions.

Liquid phase

Input speed (m/s) 1.8
Temperature (◦C) 25
CFD time step (s) 2.0⋅10− 4

Particles
Young's modular (pa) 1.0⋅107

Diameter (mm) 1
Density (kg/m3) 2650
Input speed (m/s) 1.2
Poisson ratio 0.3
Particle-wall sliding friction coefficient 0.3
Particle-particle sliding friction coefficient 0.3
Coefficient of restitution 0.9
Particle flow rate (n/s) 17,000
DEM time step (s) 2.0⋅10− 5
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The PISO (Pressure-Implicit with Splitting of Operators) algo-
rithm was selected for pressure-velocity coupling, which is well-
suited for transient flows. For spatial discretization, a second-
order upwind scheme was used for the momentum and turbu-
lence transport equations to ensure high accuracy. The computa-
tional time steps were carefully chosen to maintain numerical
stability: 2 × 10− 4 s for the CFD (fluid) phase and 2 × 10− 5 s for the
DEM (particle) phase. The simulation for each case was run until
the flow reached a hydrodynamically quasi-steady state. This was
determined by two criteria: (1) the scaled residuals for all gov-
erning equations dropped below a convergence threshold of 10− 4,
and (2) key physical quantities, such as the pressure drop across
the elbow and the particle mass flow rate at the outlet, ceased to
show significant fluctuations over time. The influence of gravity
was included for both the solid and fluid phases.

4. Results and discussion

4.1. Model validation

The validation of the numerical model was conducted in two
steps. First, the fundamental capabilities of the solver were veri-
fied against benchmark cases. Second, the applicability of the
overall framework for erosion prediction was validated against
established findings in the literature.

4.1.1. Fundamental solver verification
In this step, two classical benchmark cases were chosen to

verify the solver's ability to handle elementary particle-fluid and
particle-particle interactions. Before applying the CFD-DEMmodel
to the complex multiphase flow in the elbow, it is imperative to
first verify its capability to accurately capture the most funda-
mental physics: the interaction between the fluid and a single
particle. To this end, we simulated the classic benchmark case of a
single particle settling under gravity in a quiescent fluid. In this
process, the solid particle reaches a terminal settling velocity
when the gravitational force is balanced by the fluid drag forces
(including buoyancy). Following the validation methodology of
Robinson et al. (2014), the single-particle settling process was
simulated. The theoretical terminal velocity for this process can be
calculated using Stokes' law.

u(t) =
gd2p
(

ρp − ρf
)

18μ

⎛

⎝1 − e−
t
τ

⎞

⎠ (15)

where τ is the relaxation time, defined as the time required for the
particle to reach its terminal settling velocity from an initial state.
It is calculated by the formula:

τ =
ρpd2p
18μ

(16)

where u(t) represents the particle's settling velocity. Once steady-
state is achieved, the terminal settling velocity uterm is given by:

uterm =

(
ρp − ρf

)
gd2p

18μf
(17)

For the single-particle sedimentation validation, a rectangular
domain of 0.06 m × 0.06 m × 0.16 m was used, with no-slip wall
conditions applied to all boundaries (Fig. 4). Gravity was active in
the negative z-direction. The simulation involved two fluid phases:
air (density = 1 kg/m3, viscosity = 1 × 10− 5 Pa s) and water
(density = 1000 kg/m3, viscosity = 0.001 Pa s), with the initial

water surface at a height of 0.08m. A single spherical particle with
a diameter of 2 mm and a density of 2500 kg/m3 was placed at a
height of 0.1m, equidistant from the sidewalls. At the beginning of
the simulation (t = 0), both the particle and the surrounding fluid
were at rest, and the particle was then released.

The simulation was performed using a two-way coupled CFD-
DEM model. During the simulation, the particle initially acceler-
ates as it falls through the air, where aerodynamic drag is minimal.
Upon penetrating the water surface, the particle experiences a
significantly higher drag force, causing its acceleration to decrease.
Consequently, the particle's velocity gradually stabilizes,
approaching its terminal settling velocity. As shown in Fig. 5, the
simulated speed results agreewell with the theoretical values. This
confirms that the coupled CFD-DEMmodel accurately captures the
particle-fluid interaction forces, thus validating its suitability for
the subsequent investigations in this study.

The penetration of a free surface by a particle group serves as
another key validation case for the accuracy of the coupled CFD-
DEM model. As the denser particles fall into the liquid, they
displace the fluid and cause the free surface to rise, a process that
fundamentally tests the model's ability to conserve volume in the
two-phase particle-fluid system. This validation case follows the
methodology of Sun and Sakai (2015). The simulation was per-
formed in the same computational domain as the single-particle
test, with a pressure-outlet condition at the top boundary and
no-slip conditions on all other walls. The fluid properties for air
(density = 1 kg/m3, viscosity = 1 × 10− 5 Pa s) and water
(density = 1000 kg/m3, viscosity = 0.001 Pa s) were kept consis-
tent. Initially, the water surface was at a height of 0.05m. A cluster
of 4000 spherical particles (diameter = 2 mm, density = 2500 kg/
m3) was positioned at a height of 0.1 m. The particle properties
included a Poisson's ratio of 0.3, a Young's modulus of 1 × 107 Pa,
and particle-particle/particle-wall sliding friction coefficients of
0.3. The cluster was released from rest in the air at t = 0 and
allowed to settle through the free surface into the water for a total
simulation time of 4 s. By t = 4 s, the particles had settled at the
bottom of the domain, and the system reached a new equilibrium.
The final water level was measured to be 54.6 mm from the bot-
tom, corresponding to a rise of 4.6 mm (Fig. 6). This simulated rise
is in excellent agreement with the theoretical value of 4.652 mm,
calculated based on volume displacement. This result confirms the
high fidelity of the coupled model in conserving volume during
complex multiphase flow simulations.

4.1.2. Framework validation against literature
Addressing the specific application of pipe flow erosion, we

further validate our overall modeling framework by referencing
established studies in the literature. The combined CFD - DEM
and Archard erosion modeling approach has been extensively
employed and validated by numerous researchers for predicting
erosion in pipe bends and other geometries. For instance, Wu
(2022) simulates the flow process of wind-accumulated sand
slurry at 1 m/s inlet flow rate with straight pipe bend and uphill
by coupled CFD-DEM method. The fluid flow, particle motion and
position distribution, pipe erosion and force during the whole
process are analyzed based on the selection of a suitable traction
model. The results show that the flow velocity of highly viscous
slurry at the wall of the pipe is small which can easily lead to the
deposition of sand particles, which is proved by the particle ve-
locity cloud diagram. Similarly, Chen et al. (2015) Numerical
simulations have been performed by combining CFD code ANSYS
FLUENT with DEM code EDEM to predict the maximum erosion
rate and location in 90◦, 60◦ and 45◦ elbows with diameter
40 mm. The fluid is water with inlet velocity 3 m/s, and the
particles are 150 μm in diameter and 2650 kg/m3 in density.
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While the maximum erosion rates of the three are found to be
quite different, the maximum erosive locations have been indi-
cated to be at or near the exit of the elbows. In addition, the effect
of bend-angle on erosion, particle motion and flow field has been
discussed.

Although the exact flow conditions and fluid properties in these
studies differ from ours, they collectively demonstrate that the
fundamental modeling framework adopted in our work is capable
of capturing the key physics of particle-impact erosion in pipe
flows. This body of evidence from the literature provides strong
support for the applicability and reliability of our chosen meth-
odology for the present investigation.

4.2. Particle flow characteristics

This section investigates the influence of non-Newtonian fluid
rheology on the flow characteristics of solid-liquid two-phase

transport in pipelines. To this end, a series of simulations were
conducted for solid-liquid flows using four different carrier fluids:
pure water (a Newtonian fluid) and three aqueous CMC solutions
with varying concentrations (non-Newtonian fluids). The physical
properties of the carrier fluids and the solid particles are detailed
in the preceding tables.

Fig. 7 illustrates the particle flow behavior within the pipe for
different carrier fluids, where the particle color represents its ve-
locity. In all simulations, the solid-liquid flow reached a quasi-
steady state after 8 s, beyond which no significant changes in
flow characteristics were observed. Therefore, the snapshots for
analyzing flow patterns, such as the velocity and pressure contours
shown, were taken after this time point. As depicted, the particles
are initially accelerated by the fluid drag force, as the fluid velocity
is higher than the particle velocity. Concurrently, the particles are
subjected to gravity, fluid buoyancy, and inter-particle collisions.

Fig. 4. Geometric model for the single-particle sedimentation validation test. (a) Perspective view with dimensions. (b) Top-down view.

Fig. 5. Validation of the simulated particle settling velocity against the analytical
solution. Fig. 6. Validation of the solver's volume conservation for the particle phase. The

initial state (t = 0s) and final settled state (t = 4s) are shown.
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Fig. 8 shows the variation of the average particle velocity along
the pipe's axial direction. In the vertical upward section, the par-
ticle velocity stabilizes as a dynamic equilibrium is established
between the upward drag and buoyancy forces and the downward
gravitational force. CMC solutions are classic shear-thinning fluids,
meaning their apparent viscosity decreases with increasing shear
rate. However, even in high-shear regions within the pipe, the
effective viscosity of CMC solutions remains substantially higher
than that of water. Crucially, higher concentration CMC solutions
exhibit a higher zero-shear viscosity, which contributes to a more
stable, “plug-like” core flow that enhances the overall particle-
carrying capacity. Consequently, with increasing CMC concentra-
tion, particles are accelerated more rapidly in the vertical section,
and their stable velocity more closely approaches that of the fluid.
For the 0.4% CMC solution, the particle velocity in the vertical pipe
increased to 1.8 m/s from 1.4 m/s in water, marking a significant
enhancement of approximately 28.6%.

As the particle stream enters the elbow, inertia causes the
particles to continue their upward trajectory, leading to impacts
with the outer wall of the bend. These collisions are energy-
dissipating events, resulting in a loss of kinetic energy and a

sharp decrease in particle velocity, as indicated by the color shift to
blue. The impacts also force the particles to change direction and
move horizontally. The higher effective viscosity of the CMC so-
lutions plays a critical role here; it creates a more effective lubri-
cation layer between the particles and thewall and provides better
cushioning during collisions, reducing their severity. This also in-
fluences the rebound trajectory, preventing particles from clus-
tering tightly along the outer wall. Because the non-Newtonian
fluid mitigates the intensity of particle-wall collisions, particles
lose less energy in the bend. Subsequently, in the horizontal pipe
section, the higher-viscosity CMC solutions more effectively re-
accelerate the particles towards the mainstream fluid velocity.
This is visualized by the rapid color transition from blue-green at
the elbow exit to orange-red downstream, a recovery that be-
comes more pronounced with increasing CMC concentration.

4.3. Effect of non-Newtonian fluid on particle distribution

Fig. 9 displays the solid volume fraction contours within the
pipeline. In the water-based transport, particles in the vertical
section exhibit a clear tendency to migrate towards the pipe

Fig. 7. Instantaneous snapshots of particle distribution, colored by particle velocity magnitude. The snapshots are shown for the four simulated fluid cases after the flow has
reached a quasi-steady state: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC, and (d) 0.4% CMC.
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centerline, forming a concentrated, relatively continuous particle
core. This leaves the near-wall regions with a low particle con-
centration. This phenomenon is attributed to the Segr�e-Silberberg
effect. In laminar or low-to-moderate Reynolds number turbulent
flows, particles are subjected to a combination of a wall-induced
lift force pushing them away from the wall and a shear-gradient-
induced lift force directing them towards the pipe center. For
particles of this size, the equilibrium position established by these
forces is typically near the centerline, resulting in the observed
core formation.

Conversely, as the CMC concentration increases, the particle
distribution across the vertical pipe's cross-section becomes more
dispersed, and the central accumulation phenomenon weakens,
leading to a more uniform distribution. This observation is
consistent with the previously discussed velocity analysis and is
more intuitively visualized in the cross-sectional contour at the
45◦ position of the elbow.

After exiting the elbow, in the horizontal pipe section, particles
under the influence of gravity gradually settle and travel along the
bottom wall. This is because, in horizontal flow, the fluid's turbu-
lent kinetic energy and lift forces are insufficient to fully coun-
teract the gravitational settling of these denser-than-fluid
particles. In stark contrast, particles transported in CMC solutions
exhibit a distinctly different suspension behavior. With increasing
CMC concentration, they even showa tendency tomigrate towards
the upper wall. This phenomenon is the result of the combined
action of two mechanisms dominated by the shear-thinning
properties of the fluid. First, the effective viscosity of the high-
concentration CMC solution is much higher than that of water,
which not only enhances the axial drag force on the particles but,
more importantly, provides strong viscous damping, greatly
slowing down the gravitational settling speed of the particles.
Second, and more crucially, the shear-thinning property of the
fluid leads to the formation of a ‘plug flow’ velocity profile. Unlike
the parabolic profile of Newtonian fluids, the ‘plug flow’ produces
an unusually steep velocity gradient in the near-wall region. Ac-
cording to fluid dynamics principles, this steep shear gradient
acting on the settling particles can generate a significantly
enhanced, upward-directed hydrodynamic lift force, which effec-
tively counteracts gravity, thereby promoting stable suspension of
the particles and even upward migration.

4.4. Effect of non-Newtonian fluid on flow pattern

Fig. 10 presents the fluid velocity contours within the pipeline.
A high-velocity core is evident at the pipe's center, while the ve-
locity is low near the wall due to viscous effects. For fully devel-
oped flow in a straight pipe, a Newtonian fluid exhibits a parabolic
(laminar) or a more blunted (turbulent) velocity profile, with the
maximum velocity always at the centerline. The presence of par-
ticles disturbs this ideal profile, but the general trend is main-
tained. This corresponds to the previously discussed Segr�e-
Silberberg effect, where the core-focused particles are accelerated
by the high-velocity fluid drag. Compared to water, the fluid ve-
locity profiles for the 0.2% and 0.3% CMC solutions show a less
distinct boundary for the high-velocity core; the profile is flatter,
with a smaller difference between the peak core velocity and the
surrounding fluid. As a shear-thinning fluid, the apparent viscosity
of a CMC solution is high in the low-shear central region and low in
the high-shear near-wall region, which naturally promotes a
flatter, “plug-flow-like” velocity profile. Furthermore, the more
dispersed particle distribution in these solutions (as established
earlier) leads to momentum exchange over a broader cross-
sectional area, causing a “smoothing” of the velocity profile and
making the high-velocity core less pronounced. In the 0.4% CMC
solution, although the particles are also dispersed, the fluid's
significantly higher overall effective viscosity and stronger non-
Newtonian character create a more stable and robust plug-flow
core. This stable core effectively resists particle-induced distur-
bances and transports the particles as a whole, which is consistent
with its previously observed superior suspension and carrying
capacity.

Distinct behaviors are also observed downstream of the elbow.
In water, a localized high-velocity zone forms on the inner side of
the elbow exit. In contrast, the robust plug-flow nature of the 0.4%
CMC solution allows its core flow tomaintain integrity through the
bend, resulting in a smooth transition without a noticeable local-
ized acceleration zone. In the horizontal section, the contrast be-
comes even more pronounced. In water, as particles settle due to
gravity, they cause a drastic restructuring of the flow field. This
settling process obstructs the main flow and dissipates energy.
Once a moving bed is formed at the bottom, the upper, particle-
lean region allows the fluid to re-develop a high-velocity core in
the remaining flow area. Conversely, the exceptional suspension
capability of the 0.4% CMC solution prevents particle settling. The
fluid and particles move as amore homogeneous-likemixture. The
strong plug-flow characteristic is therefore maintained
throughout the horizontal pipe, allowing the high-velocity core to
persist without the significant flow field restructuring seen in
water.

Fig. 11 illustrates the axial pressure drop along the vertical pipe
section. As the fluid flows from the inlet to the outlet, the pressure
progressively decreases. This is primarily due to the mechanical
energy loss required to overcome the viscous frictional resistance
at the pipe walls, which manifests as a continuous reduction in
static pressure.

Fig. 12 displays the pressure contours at various angular posi-
tions within the elbow. A consistent pattern is observed across all
cross-sections: the pressure on the outer wall (centrifugal side) is
significantly higher than that on the inner wall (centripetal side).
This phenomenon arises because the fluid undergoes curvilinear
motion in the bend, subjecting it to a centrifugal inertial force. To
balance this force and maintain stable turning flow, a radial
pressure gradient must be established, directed from the inner to
the outer wall, resulting in the observed pressure differential.

Fig. 13 compares the average pressure within the elbow for
different carrier fluids, revealing a clear trend: as the CMC

Fig. 8. The snapshots are shown for the four simulated fluid cases after the flow has
reached a quasi-steady state: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC, and (d) 0.4% CMC.
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Fig. 9. Contours of solid volume fraction in the elbow. The main view shows the distribution in the central plane. The inset for each case provides a detailed view of the solid
volume fraction distribution at the cross-section located 45◦ into the bend. Cases shown are: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC, and (d) 0.4% CMC.

Fig. 10. Contours of fluid velocity magnitude in the central plane for the four different fluid cases: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC, and (d) 0.4% CMC.
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concentration increases (from water to 0.4% CMC), the overall
pressure level within the system rises substantially. This is a direct
consequence of the rheological properties of the CMC solutions. As
non-Newtonian fluids, their viscosity at zero or low shear rates
(the zero-shear viscosity) is far greater than that of water, and it
increases sharply with concentration. Under the given flow con-
ditions, despite shear-thinning effects, the overall effective vis-
cosity of the CMC solutions remains significantly higher than that
of water—a difference that is amplified at higher concentrations.
Consequently, maintaining a similar flow state requires over-
coming greater flow resistance, leading to a systematic increase in
the overall pressure. Specifically, in the elbow section, the pressure
for the 0.4% CMC solution reaches approximately 8000 Pa, a

substantial increase of about 45.5% compared to the 5500 Pa
observed in water.

4.5. Bend erosion

Pipeline erosion is primarily caused by the impact and sliding of
solid particles against the pipe wall. Predicting erosion is crucial
for estimating the service life of pipelines and identifying critical
wear locations, thereby enabling proactivemitigation strategies. In
this study, the influence of the non-Newtonian carrier fluid on
erosion is analyzed using a coupled CFD-DEM-Wear model,
focusing on the erosion depth and erosion rate in the elbow. Fig. 14
presents the erosion depth contours on the elbowafter 10 s of flow,

Fig. 11. Pressure distribution along the pipeline for various fluid concentrations.

Fig. 12. Cross-sectional pressure distributions in the elbow for different CMC concentrations: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC and (d) 0.4% CMC.

Fig. 13. Angular pressure profiles cross-sectionally averaged in the elbow.
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a time point chosen to represent the quasi-steady state of the two-
phase system. As anticipated from the flow analysis, the maximum
erosion zone is located on the outer wall (centrifugal side) of the
elbow, near its exit. Notably, as the carrier fluid changes from
water to increasingly concentrated CMC solutions, the erosion
depth exhibits a noteworthy trend: it first increases with the
addition of 0.2% CMC and then gradually decreases as the con-
centration rises to 0.4%

To quantitatively analyze this behavior, Fig. 15 shows the
average erosion rate along the elbow, calculated from the accu-
mulated wear between 10 s and 13 s. In the initial part of the
bend (0–45◦), erosion rates are low and comparable across all
fluids, as particles have not yet undergone intense, focused im-
pacts with the outer wall. Significant divergence occurs in the

middle and latter parts of the bend. For water and the 0.2% CMC
solution, the erosion rate is substantially higher, peaking at
approximately 77◦. In contrast, for higher CMC concentrations,
the location of peak erosion is shifted downstream, moving to
90◦ or even into the subsequent straight pipe section. Further-
more, the magnitude of the peak erosion rate decreases with
increasing CMC concentration. This shift occurs because in
lower-viscosity fluids like water, inertia causes particles to
impact the outer wall earlier and more centrally. In higher-
viscosity CMC solutions, the enhanced fluid drag and cush-
ioning effect delay and disperse these impacts, pushing the pri-
mary wear zone further downstream. Fig. 16, a bar chart of the
maximum erosion rates, quantifies this “increase-then-decrease”

(a)            (b)

(c)            (d)

45o Flow direction 45o

45o 45o

Fig. 14. Cumulative erosion depth on the elbow's inner wall: (a) Water, (b) 0.2% CMC, (c) 0.3% CMC and (d) 0.4% CMC.

Fig. 15. Wear rate distribution along the elbow's outer wall for various fluids. Fig. 16. Comparison of peak erosion rates for different carrier fluids.
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relationship. Compared to the water-only case, the peak erosion
rate for the 0.2% CMC solution surges by approximately 40%. As
the concentration further increases to 0.4%, the erosion rate
steadily declines, ultimately falling to a level about 8% below that
of pure water.

To provide direct quantitative evidence for the observed
erosion behavior, a statistical analysis of the particle-wall
normal impact forces was performed. Fig. 17 presents the dis-
tribution of peak normal forces for all impact events in the three
fluid cases. The figure reveals a clear mechanism for the
heightened erosion in the 0.2% CMC solution. Compared to the
water case, the 0.2% CMC fluid not only results in a higher total
number of impacts but, more importantly, it generates a larger
population of impacts across nearly all force ranges, particularly
in the medium-to-high force region (>0.01 N). This indicates
that the wall is subjected to both more frequent and more
intense bombardments. In stark contrast, the 0.4% CMC fluid
significantly dampens the impact forces, as evidenced by the
consistently lower contact numbers across the entire force
spectrum. This force-based statistical evidence robustly sup-
ports our conclusion: the enhanced erosion at 0.2% CMC is a
direct consequence of an increased number of energetic im-
pacts, while the reduced erosion at 0.4% CMC is due to the fluid's
effective force-cushioning effect.

As observed in Figs. 7 and 8, particles in water exhibit pro-
nounced clustering on the outer wall of the elbow, and their ve-
locities decrease sharply upon collision. This concentrated, high-
energy bombardment is responsible for the peak erosion
observed at approximately 80◦. The case of the 0.2% CMC solution
reveals a critical, counter-intuitive interplay. Compared to the
more concentrated solutions, its viscosity is relatively low, and
thus its ability to alter particle trajectories is insufficient to
significantly shift the primary impact zone downstream from the
location seen in water. However, a crucial combination of factors
leads to heightened erosion: 1) particles enter the bend with
higher initial velocities than in water (due to better suspension in
the vertical pipe), and 2) the fluid's viscosity, while too low to
provide effective cushioning, is sufficient to increase the severity
of particle-wall interactions compared to the highly inertial im-
pacts in pure water. This combination—higher approach velocity
without adequate damping—results in more aggressive and
damaging impacts, explaining the sharp increase in the peak
erosion rate.

Conversely, as the CMC concentration increases (0.3% and 0.4%),
the fluid's effective viscosity became dominant. This provides a
superior “carrying” and “cushioning” capacity. Particles are no
longer solely driven by inertia to violently strike the outer wall;
instead, they are more effectively “guided” and “buffered” by the
fluid. Their interaction with the wall transitions from direct, high-
angle impacts to more oblique, “glancing” or “sliding” contacts.
This mechanism not only reduces the energy of each individual
impact but also delays the primary interaction, pushing the main
erosion zone towards the elbow exit. Furthermore, the more uni-
form particle distribution in these highly viscous solutions dissi-
pates the impact forces over a broader area rather than focusing
them on a single point. Consequently, the overall erosion rate is
significantly lower, and the location of maximum wear is shifted
downstream.

Finally, it is pertinent to discuss the context and potential
limitations of the current modeling approach. The primary
objective of this study was to reveal the overarching trends and
physical mechanisms governing erosion in non-Newtonian slur-
ries. For this comparative purpose, the Gidaspow drag model,
coupled with local apparent viscosity, was deemed sufficient to
capture the dominant, first-order effects. We acknowledge, how-
ever, that the use of a drag correlation specifically developed for
power-law fluids, such as those proposed by Huang et al. (2024)
and Qi et al. (2020), would undoubtedly enhance the quantitative
accuracy of the predictions.

We hypothesize that the core findings of this paper—namely,
the finding that erosion peaks at an intermediate fluid concen-
tration, and the downstream shift of the erosion hotspot—are
robust phenomena driven by the fundamental competition be-
tween particle inertia and viscous cushioning. These macro-scale
effects are unlikely to be qualitatively altered by refinements in
the drag force calculation. A comprehensive study implementing
and comparing different advanced dragmodels via UDFwould be a
valuable, albeit computationally intensive, direction for future
research. This would allow for a precise quantification of the
model's sensitivity and further refine the erosion prediction for
specific industrial applications.

5. Conclusion

Employing a coupled CFD-DEM approach, this study system-
atically investigated how fracturing fluid rheology influences
proppant transport and elbow erosion. The key findings reveal a
complex interplay between fluid properties and erosive wear. A
non-monotonic erosion response was identified, where the rate
peaked at an intermediate (0.2%) CMC concentration before being
suppressed at a higher (0.4%) concentration. This behavior, driven
by a competition between reduced viscous drag and enhanced
impact cushioning, was accompanied by a downstream shift of the
peak erosion hotspot. Scientifically, these results provide the first
mechanistic explanation for this counter-intuitive phenomenon
driven purely by shear-thinning effects. Industrially, they chal-
lenge the conventional assumption that increasing viscosity is
always beneficial, suggesting that an optimal ‘sweet spot’ may
exist for fluid design to balance proppant transport with equip-
ment longevity.

It is important to acknowledge the limitations of the present
study. The use of a power-law model simplifies the complex
rheology of real fracturing fluids, which can also exhibit properties
such as yield stress and thixotropy. Consequently, the quantitative
results and the non-monotonic trends observed should be inter-
preted as providing insight into the fundamental mechanisms of
shear-thinning fluids, rather than as direct predictions for specific
field applications. Future research should build upon these

Fig. 17. Distribution of peak normal impact forces on the elbow wall.
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foundational findings. A crucial next step would be to incorporate
more sophisticated constitutive models, such as the Herschel-
Bulkley or Casson models, to account for yield stress. This would
allow for an investigation into how the presence of a yield point
alters the “plug-flow” core and particle suspension behavior.
Additionally, exploring time-dependent models to capture thixo-
tropic effects would be invaluable for understanding fluid behavior
under variable shear conditions experienced during pumping and
transport. Such studies will be essential for extending the under-
standing gained here to a wider and more realistic range of oper-
ational conditions and fluid types.
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