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Enhancing the efficiency of hydraulic fracturing is crucial in developing unconventional reservoirs,
where fracture roughness commonly arises and strongly affects proppant transport behavior. However,
it often results in rough fractures that accompany various problems. Addressing these issues, a validated
computational fluid dynamics-discrete element method (CFD-DEM) approach was employed, and a
narrow rough fracture model was developed using the spectral synthesis method to investigate prop-
pant transport during hydraulic fracturing. Initially, the model was validated against previous research,
followed by examining the relationship between changing flow regimes and force characteristics
compared to continuous fractures. The impact of injection velocity, fracture inclination angle, and fluid
viscosity on flow regimes and micro-internal mechanisms was also analyzed. The findings reveal
distinct flow regimes and force characteristics of blocky dunes compared to continuous dunes. Notably,
the drag force curve exhibits two stages in the proppant transport process: the settlement-dominant
and scour-dominant stages. Furthermore, the results indicate two micro-mechanisms for improving
proppant transport efficiency: reducing particle-particle interaction forces and prolonging particle
settling time, the latter of which can be effectively achieved by increasing fluid viscosity. Finally, a multi-
factor analysis based on an orthogonal test method is conducted to evaluate the combined influence of
key parameters. This study significantly advances our understanding of proppant transport in rough
fractures and offers valuable insights for optimizing injection parameters.
© 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 license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction the fractures so they cannot be closed (Song et al., 2024). Due to

the project’s complexity and invisibility, the proppant transport

With conventional oil and gas reserves being depleted and
increasingly challenging to exploit, unconventional reservoirs,
whose reserves are large and widely distributed, need to be
developed (Bai et al., 2021; Budiman et al., 2025). Since oil and gas
are usually stored in reservoir pores, developing them is chal-
lenging (Detournay, 2016; Wen et al., 2024).

Hydraulic fracturing is a universal technology that generates
complex fractures to improve reservoir conductivity (Barboza
et al., 2021; Chen et al., 2022; Li et al.,, 2023). To maintain the
fractures’ conduct effect, injection proppant is crucial to support
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behavior and changes within the fractures are still unclear (Li et al.,
2023). At the same time, its multi-factor influencing characteris-
tics and inherent transport mechanism need to be explored.
Currently, there are two main methods to study proppant
transport: experimentation and simulation (Kuang et al., 2020).
Experimentation is the more direct method observing proppant
transport in the fractures (Huang et al., 2024). Kern et al. (1959)
constructed a fracture using two parallel plates for the first time.
However, the simplified fracture model may not restore the frac-
ture characteristics of the underground very well. Subsequent
scholars made improvements and performed experimental opti-
mizations on this basis. Li et al. (2017) and Wen et al. (2016)
investigated different variables’ impact on balance proppant
placement in the complex-fracture networks. Basiuk et al. (2022)
designed different outlets and focused on the characteristics of
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placement dunes. Qu et al. (2021) designed a tortuous fracture to
investigate the proppant transport and found the transport
behavior is more complex than the straight fractures. Rough
fractures, closer to real fractures, have become a current research
focus (Gong et al., 2023). Huang et al. (2018) captured the rock
surface characteristic as a rough fracture surface and observed the
proppant transport with different initial conditions. Li et al. (2021)
used 3D printing technology to construct rough fractures, where
many special patterns merge and differ from smooth fractures. The
proppant placement in rough fractures greatly differs from the
smooth fractures. However, the comprehensive flow regime
changes and its mechanism needs simulation to be illustrated.

Simulation is another important method that can overcome the
experiment’s disadvantages (Zheng et al., 2020), data acquisition
difficulties, and microanalysis limitations (Lv et al., 2024). Prop-
pant transport is a typical liquid—particle two-phase flow problem.
Two common methods are used for proppant transport in rough
fractures: the Eulerian-Eulerian and Eulerian-Lagrangian methods,
which are based on the computational fluid dynamics (CFD)
method (Li et al., 2024a; Qu et al., 2022). In the Eulerian-Eulerian
method, both liquid and solid phases are treated as continuum
media and solved by Navier-Stokes equations (Liu et al., 2025;
Zhang et al., 2023). It has a relatively simplified calculation and
requires fewer computing resources (Zhou et al.,, 2020, 2021).
Therefore, it is widely applied. Some scholars have used this
method to understand proppant transport (Suri et al., 2019). In the
Euler-Lagrange method, the liquid phase is modeled as contin-
uous, and the solid phase is simulated as discrete (Tang et al.,
2022). Through this method, the particle-particle and
particle-wall collisions, which are real, exists, and has a great ef-
fect on the energy transferred, can be modeled (Kuang et al., 2020).
The latter can compute more accurately than the former (Zhang
et al., 2022). The computational fluid dynamics-discrete element
method (CFD-DEM) is based on the Eulerian-Lagrangian method
(Akhshik et al., 2016). It directly tracks the trajectories and forces
acting on each particle with greater proven accuracy (Kuang et al.,
2020). There are many works in rough fractures based on the CFD-
DEM method (Gong et al., 2023; Li et al.,, 2024b; Zheng et al,,
2025a, 2025b). Feng et al. (2018) used the CFD-DEM method to
investigate the proppant transport and plugging process in rough
fractures. Zheng et al. (2023) applied the CFD-DEM method and
considered the impact of proppant size and wall roughness (fractal
dimension and RMS (root mean square) value) on the proppant
placement in rough fracture with fracturing fluid of supercritical
CO,. Guo et al. (2022) analyzed the rough branch fractures and
adjusted the inclination angle of the secondary branched fracture
to evaluate the transport capacity by the CFD-DEM method.

Many scholars focus on dune development. Tong and Mohanty
(2016) used a single branch fracture to examine the proppant
placement. They found three regions during the injection process:
the bottom immobile sand bed zone, the middle flowing slurry
zone, and the top clear fluid zone. Zheng et al. (2020) and Zhou
et al. (2024) found that dune development has three stages: flat
laying, proppant dune, and proppant bank development. Huang
et al. (2020) found two types of patterns in rough fractures:
sand-dune settling patterns and tree-like settling patterns. Xiao
et al. (2025) demonstrated that fracture surface roughness and
micro-protrusion geometry impact the maximum proppant
placement distance and dune morphology, providing further
insight into the interaction between roughness and sedimentation
patterns. However, they have not thoroughly studied the causes of
its formation at the micro level or in mechanics.

The fracture inclination angle is an important factor that should
be considered in real hydraulic fracturing angle (Sahai and
Moghanloo, 2019). Broadly, the fracture inclination is a branch
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fracture variable used in interaction between the main fracture
and secondary fracture (Guo et al., 2022; Li et al.,, 2018) or an
incline angle in tortuous fractures (Li et al., 2023, 2024b; Li et al.,
2023; Qu et al., 2021). At the same time, many scholars analyzed
the inclined fracture direction with gravity direction. Ba Geri et al.
(2018) designed an inclined fracture for the experiment and
compared the proppant transport behavior with vertical hydraulic
fracturing. Kou et al. (2018) used the CFD-DEM method to simulate
the different inclining angle fractures and found the two processes,
the suspension stage, and settling stage, in inclined fractures, and
the placement efficiency is better than in vertical fractures. Zhang
et al. (2022) simulated the flat rough fractures with different
incline angles and evaluated the placement shape. But they limited
in the initial time. Chun et al. (2020) analyzed the inclined fracture
experiment with three injection inlets. The results indicate less
proppant in the inclined fracture can quickly occupy a more effi-
cient area. However, they do not consider the micro mechanism
and roughness effect.

Blocky proppant dunes, which typically form in rough frac-
tures, refer to discontinuous and segmented proppant accu-
mulations characterized by irregular geometry and distinct
gaps between adjacent dune bodies. These blocky dunes
represent an important morphological feature for evaluating
proppant placement and dune shape in rough fracture condi-
tions. Li et al. (2021) found blocky dunes in rough fractures
through their experiment, and they described the dunes as
finger-like piling. The dunes have traits such as particle
wormbholes, cavities, and isolated pillars in their description.
Huang et al. (2017, 2018, 2020) investigated the proppant
transport in rough fractures and found blocky dunes in their
experiment. Zheng et al. (2023), Zhou et al. (2024) and Yin
et al., (2023) also found this special phenomenon in their
simulation based on the CFD-DEM method, but they didn’t
analyze the flow regimes and their internal force structure
mechanism. Song et al. (2024) used CFD-DEM analyzed the
blocky dunes’ generation condition and found the ratio of
proppant size to fracture width is the key factor. Yang et al.
(2024) used CFD-DEM method examined the blocky dunes’
generation and collapse of local sand plugs, which phenomenon
is also observed in Huang et al.’s work (Huang et al., 2024).
Therefore, as an important and common type of dune, it is
necessary to study the blocky dunes’ flow regimes.

This paper uses a validated CFD-DEM model to study the flow
regimes of blocky proppant dunes in rough narrow fractures, with
particular emphasis on their unique placement behavior and
pressure drop characteristics. To gain insight into the distinct
micro-scale force mechanisms governing blocky dune formation
and transport, a detailed force analysis is conducted. Firstly, a
systematic comparison is performed between smooth fractures
with continuous dunes and rough fractures with blocky dunes,
highlighting the differences in flow regimes and force character-
istics. Then, the effects of injection velocity, fracture inclination
angle, and fluid viscosity on blocky proppant dune placement and
force evolution are investigated to clarify their influence on
proppant transport efficiency. Finally, a multi-factor analysis based
on an orthogonal test method is conducted to identify the domi-
nant factors controlling proppant transport behavior.

2. Methodology and computational details

2.1. Particle phase

In the DEM method, for particles, their trajectories are explicitly
solved by Lagrangian tracking in the computational domain. The



Z.-C. Yang, M.-M. Zhou, W.-Z.-Y. Xie et al.

translation and rotation of particle i are governed by Newton’s
second law, as expressed in the following equation:

dv; k
Mi-gp = Mg +Frpi+ > fei (1)
STj
dcui k 1~ 2
dr = J;: ij (2)

where v; is the velocity of particle i, g is the gravitational accel-
eration, fi, ; is the fluid—particle interaction force acting on particle
i, and f ; is the contact force exerted by particle or wall j on par-
ticle i. I; is the moment of inertia of the particle, w; is the rotational
velocity of particle i, T;; is the total torque between particle i and
particle/wall j, respectively. The total external force acting on the
particle F; is given by

Fi=Fc;+Fp;+Fisi+Fum;+Fco, (3)
where F¢; is the contact force, Fp; is the drag force, Fg; is the
Saffman lift force, Fpy; is the Magnus lift force, and Fco; is the
cohesive force. Previous research has sufficiently analyzed various
forces, so we skip detailed explanations here. The proppants are
assumed to be spherical particles with a diameter of 0.6 mm and a
density of 2650 kg/m>, which are kept constant throughout the
simulations.

2.2. Fluid phase

For an incompressible fluid phase with a secondary particulate
phase, the governing equations of mass and momentum conser-
vation for the liquid flow introduced by the flow characteristics are
expressed as (Gidaspow, 1994; Zhou et al., 2020, 2022):

g (4)

(8fﬂf) +V- (Sfﬂfuf) =0

ot (Efﬂf"f) +V- (E‘f/)f"f"f) =—&Vp+V (é‘fﬂff) +eepg + Fpr

(5)

where, u; denotes the fluid velocity; p; represents the fluid density,
and &; corresponds to the volume fraction of the pure fluid within
the computational cell, Vp is the pressure gradient of the fluid; r =
uVug is the fluid stress tensor; u is the viscosity of the fluid; Fy is
the volumetric fluid—solid interaction force and calculated by
(Zhou et al., 2010):

1
Vcell

(6)

Fpr= —

ke
> (fdrag,i +fiife i +faddj>
i

where ke is the number of particles in a computational cell; fyag ; IS
the fluid drag force; fjif ; is the lift force and f,4q ; is the added mass
force.

2.3. Phase coupling

For small particles, fluid—particle interactions are analyzed at
the fluid-element level. The fluid velocity field should be trans-
mitted from the CFD side to the DEM side. In DEM, each particle’s
drag needs updating as it relates to local fluid velocity. Conversely,
particle velocities and positions should be transmitted from the
DEM side to the CFD side. In CFD, the drag term from particles and
fluid volume fraction need updating. The coupling of the two is
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achieved by integrating the void fraction term and the
fluid—particle interaction force, which are spatially correlated
based on their positions (Zhou et al., 2020). The void fraction & is
expressed as (Gui et al., 2008):

N
gp=1->" Vp‘i/vcell
i

where, Vi is the volume of the computational cell; N is the
number of particles in the cell; V), ; is the volume of the particle.

(7)

2.4. Computational details

2.4.1. Numerical model verification

The model has been verified for simulating proppant transport
within fractures, with detailed discussions provided in previous pa-
pers (Song et al., 2024; Yang et al., 2024; Zhou et al,, 2024). The
following s a concise summary. To validate the model, key parameters
of dunes from existing experiments were compared with those of this
model, using the proppant placement experiment described in Tong
and Mohanty (2016) as a reference. In this experiment, slurry
entered through an inlet on the right side, and proppant placement
was observed at 20, 40, and 60 s, as shown in Fig. 1(a). The simulation
was conducted under the same boundary conditions as the experi-
ment, and the corresponding placement results at each time point are
shownin Fig. 1(b). It can be observed that the morphologies are largely
similar. Additionally, the errors in specific characteristic parameters of
the dunes, such as DPBH (dimensionless proppant bank height) and
DPBL (dimensionless proppant bank length), are less than 2%, which
are signed on the figure. This demonstrates the effectiveness of this
model in simulating proppant transport.

2.4.2. Rough fracture models generation and boundary condition

The generation process of rough fractures is consistent with that
reported in previous studies (Song et al., 2024; Yang et al., 2024; Zhou
et al., 2024). The fracture model is the same as the model in Yang et al.
(2024), including the size and key roughness parameters, fractal
dimension and standard deviation. The model was generated by a
method of synthesizing fractures proposed by Ogilvie et al. (2006).
This method is based on spectral synthesis method (Ogilvie et al.,
2006). Many scholars have used it for the study of numerical simu-
lation fracture models (Gong et al., 2023; Guo et al., 2022; Suri et al.,
2019; Yamashiro and Tomac, 2022; Zheng et al., 2023).

To obtain better calculation efficiency and accuracy, structured
grid division is adopted. The final generated rough fracture model
and grid division front view are revealed in Fig. 2(a). The slurry
enters from the left side of the fracture and transports along the y-
direction toward the depth of the fracture.

Fig. 2(a) also depicts the arrangement of boundary condi-
tions. In the CFD model, a constant velocity inlet is defined,
paired with a zero-pressure outlet and no-slip walls. For the
DEM model, particles enter the fracture at a uniform velocity,
with fixed boundaries ensuring that particles are confined
within the specified domain. Particles that reach the boundary
undergo a rebound effect. This configuration of boundary con-
ditions provides a more accurate representation of the trans-
port behavior of proppants within the fracture. Based on the
above micro-scale force analysis and flow regime classification,
the applicability of the present numerical results to field-scale
hydraulic fracturing operations is discussed. Although the
simulations are conducted at a laboratory scale, the essential
physical mechanisms governing proppant transport in rough
fractures are preserved through geometric similarity and force
balance considerations. In particular, the relative contributions
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1 - Experiment - Simulation

1.3% 1.7%

1.2%

DPBH

40

Time, s

(d)
1 -Experiment -Simulation

DPBL

20 40 60

Time, s

Fig. 1. Comparison of proppant placement between simulation and experiment at different times and validation of key influencing factors: (a) Tong and Mohanty’s experiment

(Tong and Mohanty, 2016); (b) simulation; (c¢) DPBH; (d) DPBL.

(a)

50 mm

Inlet
Constant fluid velocity

Constant particles velocity

Outlet
CFD: Zero pressure
DEM: Fixed boundary condition

(b)

300 mm

Aperture, mm

072 080 0.88 0.9

1.04

112 120 128 1.36

Fig. 2. (a) Grid division of narrow rough fracture model and boundary conditions. (b) Description of the fracture aperture.

of gravity, fluid drag, and particle—particle interactions control
the formation and evolution of blocky proppant dunes, and
these mechanisms are not inherently dependent on the abso-
lute fracture size. Fig. 2(b) illustrates the description of the
fracture aperture with an average aperture value set to 1 mm.

In addition to the above boundary condition settings, the
following assumptions should also be made:

(1) Proppants are assumed to be spherical or regular geometric
bodies, and the influence of shape irregularity on transport is
ignored. This assumption allows the micro-scale force interactions
to be analyzed in a controlled manner and has been widely
adopted in CFD-DEM studies of proppant transport. (2) The density
and particle size of proppants are assumed to be constant, and the
mixing effect during graded injection is ignored. (3) Proppants are
assumed not to break during transport, and only sedimentation,
collision, and slip are considered, which is reasonable for short
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transport times and moderate stress conditions. (4) The viscosity
of the fracturing fluid is set to a constant value or dynamically
adjusted according to the displacement. (5) The filtration in the
fracture is ignored. (6) Temperature changes in the fracture are
ignored.

3. Results and discussion
3.1. Flow patterns and their development

The same boundary conditions in planar and rough fractures
are set to investigate the flow regimes in rough fractures. The
relative parameters are in Table 1. Fig. 3 includes the proppant
placement and flow field at the same dimensionless time, defined
as the ratio of the injected volume of a fluid to the fracture space
available. The equation is as follows:
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Table 1
Parameters in simulation.

Petroleum Science 23 (2026) 7266-7281

Case# Injection velocity, m/s Injection concentration Fractal dimension Inclination angle Dimensionless viscosity
1 0.15 0.03 2.3 0° 1
2 0.15 0.03 2 0° 1
3 0.10 0.03 23 0° 1
4 0.20 0.03 2.3 0° 1
5 0.15 0.03 23 30° 1
6 0.15 0.03 23 45° 1
7 0.15 0.03 23 60° 1
8 0.15 0.03 23 90° 1
9 0.15 0.03 23 30° 3
10 0.15 0.03 23 45° 6
11 0.15 0.03 23 90° 9

Dimensionless drag force

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
|
Velocity, m/s
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
I @ e B ]

Fig. 3. Snapshots of the field, proppant placement, and dimensionless drag force at the same dimensionless time with different type fractures: (a) planar fracture and (b) rough

fracture.
tvS
T= v (8)

where T represents the dimensionless time, t is the actual injection
time, v is the injection velocity, S is the average cross-sectional area
of the fracture, and V is the volume of the fracture. It is commonly
used in multiphase flow studies and previous works (An et al.,
2020; Song et al.,, 2024; Zhou et al., 2024). Fig. 3 shows contin-
uous dunes in the planar fracture, discontinuous dunes in the
rough fracture. In planar fractures, proppant transport is domi-
nated by relatively uniform flow fields, leading to continuous dune
structures with gradual spatial variation. In contrast, the presence
of rough fracture disrupts the local flow field and induces strong
spatial heterogeneity, resulting in segmented and discontinuous
blocky dunes. This structural difference is accompanied by distinct
force balance characteristics, where particle-particle interactions
and localized fluid—particle forces play a more prominent role in
rough fractures. The comparison highlights that proppant trans-
port mechanisms identified in smooth fractures cannot be directly
extended to rough fracture conditions. In particular, the emer-
gence of blocky dunes introduces different flow regime transition
behaviors and transport efficiency characteristics. Blocky dunes
contain abundant internal voids, which constitute their typical
feature. The blocky dune generation and the influence factors have
been observed and studied in previous works (Song et al., 2024;

Yang et al., 2024). In this work, the changes in the flow regime
have been investigated.

From Fig. 3, discontinuous blocky dunes give rise to a frag-
mented fluidized layer and eject more particles into the flow field.
It is necessary to analyze the force characteristics on a microscopic
scale to understand the flow regimes of continuous and blocky
dune development processes. Drag force is a core parameter
describing fluid and particles momentum and energy transfer. For
a single particle, the drag force formula is expressed as follows (Li

et al, 2011):
()

where fy,, ; is the drag force on particle i, py is the density of fluid,
Cp is the drag coefficient, deq is the mean particle diameter. vs; is
the velocity of particle i, v; is the velocity of fluid. At the same time,
these parameters are all constant except the velocity of particles
and fluid. Thus, from the formula, fy.,; depends on the value of
the relative velocity between the velocity of particle and the ve-
locity of fluid surrounding the particle. For the expanded appli-
cation, dimensionless drag force 717; and dimensionless
particle-particle force 17, are used and refer to Kuang’'s and
Zhou's works (Kuang et al., 2009; Zhou et al., 2020) and is
expressed as follows:

Vf - VS,'

(9)

1
f;lrag,i = §prD“dgq
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1 1 Np.section
Kt %t: Vsection l§l fdrag,i
= (10)
1 1 Np.section
At %f: Vsection l; mlg
1 1 Np section ki
8 Ve | 2o | 25 fenit +evi
i=1 j=1
I (11)

Npsection

(5~

where Viecion 1S the volume of the cells in the fracture section,
Np section is the number of particles in the fracture section. Where
Jenj and fii;; denote the normal and tangential contact forces,
respectively, acting between particle i and its neighboring particle
or wall j. The normal contact force f, ; represents the compressive
interaction arising from particle-particle or particle-wall colli-
sions, while the tangential contact force f ; accounts for frictional
and shear interactions along the contact surface. These contact
force components collectively characterize the contribution of
inter-particle and particle-wall interactions to the overall force
balance. These two types of forces can be expressed relative to
particle gravity to facilitate their comparison with particle gravity.

Fig. 4 exhibits the dimensionless drag force 17, versus dimen-
sionless time curves at planar and rough fractures. They all expe-
rience two stages, an initial decrease followed by an increase. In
the first period, the generation of drag force results from sediment
of particles by gravity. Then, as the number of the settling particles,
which are surrounded by relatively static fluid and have little drag
force, increases, dimensionless drag force increases because it is a
mean value. This is due to the combination effect of all the parti-
cles being static and suspended. When the single hill is shaped, the
interaction area increases. It makes the more fluidized layer par-
ticles receive the drag force. Not only that, but the developing
stages of the dune also shape the uneven and distorted channel. It
raises the resistance of the flow. A narrow channel increases fluid
velocity, which causes drag force to grow further. The identifica-
tion of different flow regimes is based on the variation trend and
slope change of the I7; curve rather than its absolute magnitude.
Specifically, a negative slope of I7; indicates a settlement-
dominant stage, whereas the transition to a scour-dominant
stage is marked by a clear turning point where 77; reaches a
local minimum and subsequently increases. Fig. 4 illustrates some

i=1

(a)

— Plannar fracture

1.600

1.280

0.960

11 ()

0.640

0.320

Dimensionless time (-)
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feature points and corresponding flow regimes (flow pattern with
dimensionless drag force and the streamlines). Based on the above
analysis, the flow pattern can be divided into two periods: one is
the settlement-dominant stage (Fig. 4(a) from I toII, and (b) from I
to II), and the other is the scour-dominant stage (Fig. 4(a) after II
and including III, (b) after Il and including II, IV). The flow pattern
of Il in Fig. 4 is a critical status.

Under identical injection conditions, the difference between
planar and rough fractures is that dunes in rough fractures in-
crease periodically during the scour-dominant stage, with a
growth rate significantly higher than that in planar fractures. Due
to their blocky shape, these dunes have sharp edges, making it
challenging for the fluidized layer to be tangent to their surfaces.
Furthermore, the blocky dunes form narrow channels between
them. Both reasons cause the velocity difference to be longer,
increasing the dimensionless drag force.

3.2. Effect of injection velocity

Injection velocity is crucial in proppant transport as it provides
the main transport power. Three injection velocities (0.1, 0.15, and
0.2 m/s), corresponding to Case 1, Case 3 and Case 4 in Table 1, are
adopted to investigate their effects on blocky dune features within
rough fractures. Fig. 5 describes proppant placement under
different injection velocities. An upward trend can be seen in DPBL
with increasing injection velocity while the DPBH decreases. The
reason is that a larger injection velocity provides more energy to
transport the proppant further. At the same time, as shown in the
area enclosed by the red dotted line, the injection velocity of 0.2 m/s
exerts a significant influence on the dunes near the fracture inlet.
Under this condition, the fracture inlet fails to obtain sufficient
proppant support, leading to reduced fracture conductivity.

Fig. 6(a) exhibits the dimensionless drag force 77; versus time
curves at different injection velocities. It demonstrates that the
changing tendency is the same. The lowest value is larger when
the velocity increases. Under high-velocity fluid, static particles
have a larger velocity difference from the surrounding fluid, which
makes the dimensionless drag force larger during the settlement-
dominant stage. During the scour-dominant stage, the value of the
lowest velocity increases the drag force. This is because the DPBH
is higher in the lower injection velocity case, which narrows the
channel and increases the contact area. The sharp turning point at
the dimensionless time value is around 6, the plugging generated
at that time. Then it suffers from collapse soon. Details of the
relevant studies and explanation are in previous works (Yang et al.,
2024).

(b)

— Rough fracture

1.600

Mw

(1)

1.280

0.960

1 (-)

0.640

0.320

Dimensionless time (-)

Fig. 4. Dimensionless drag force 77; versus dimensionless time curves, drag force phase, and corresponding streamlines at different stages: (a) planar fracture; (b) rough fracture.

7271



Z.-C. Yang, M.-M. Zhou, W.-Z.-Y. Xie et al.

Petroleum Science 23 (2026) 7266-7281

V=010 m/s

v=0.15m/s

v=0.20 m/s

Dimensionless drag force

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
i B
Velocity, m/s
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
| |

Fig. 5. Snapshots of the field, proppant placement, and dimensionless drag force at the same dimensionless time with different injection velocities: (a)v=0.1 m/s; (b)v = 0.15m/s; (c)

v=0.2m/s.
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Fig. 6. Dimensionless drag force /7, (a) and dimensionless pressure drop I (b) versus time curves at different injection velocities.

Fig. 6(b) demonstrates the changing process of dimensionless
pressure drop curves’ response to different injection velocities.
Dimensionless pressure drop refers to Zhou et al.’s work (Zhou
et al,, 2020) and Ravelet et al.’s work (Ravelet et al., 2013). It is
applied in hydraulic conveying work (Zhou et al., 2019, 2020), and
it is defined as:

AP

/M =gt

(12)

where [ is the dimensionless pressure drop. Since p¢, g, L are the
same, pressure drop AP is a decisive factor. AP is calculated using
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the Darcy-Weisbach’s equation to evaluate the fluid phase pres-
sure drop (Li et al.,, 2011) and is expressed as:

AP =1 (13)

DZ% (14)
1 4 14 0.4

szlg ReMRf( 2) _(n')1'2 (15)
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ReMR:K.( r (16)

3n'+1)/(4n’)

where L is length of fracture model, D is inner diameter of pipe or
the equivalent diameter of fracture model, A and X are the cross-
section area and wetted perimeter of fracture model, f is friction
coefficient of Fanning, Reyr is Reynolds of Metzner-Reed, K is
consistency coefficient of power-law fluids, n’ is rheological index
of power-law fluids. For Newtonian fluid, n' value is 1. From the
formula, the pressure drop depends on different flow regime and
the changing velocity.

Comparing the previous works about continuous dunes (Zhou
et al.,, 2024), the pressure drop curves of blocky dunes are
different from the continuous ones. Specifically, it has no obvious
stages like exponential mode and linear mode, and more fluctu-
ating stages were generated during the whole developing period.
Overall, a larger injection velocity causes a larger pressure drop.
This is because the friction between high-velocity fluid and wall/
dunes increases. This is why before dimensionless time is 4, the
high-velocity has a larger pressure drop. It is the same as the
planar fracture in previous works (Zhou et al., 2024). The differ-
ence in blocky dune is in the scour-dominant stage. It is because, as
mentioned before, there will be plugging in rough fractures. It is
also consistent with the dimensionless drag force curves in this
regard. This phenomenon is also observed in Huang et al.’s work
(Huang et al., 2024). The pressure drop sharply grows with that
injection velocity of 0.1 m/s and exceeds higher injection velocity
cases. This indicates that lower injection velocity not only reduces
the placement distance but also tends to induce plugging within
blocky dunes. As shown in Fig. 7, the pressure drops under the
three injection velocities tend to converge within the dimension-
less time range of 5-7. Because higher injection velocity causes
lower DPBH, the flow resistance can decline to a certain extent.
Injection velocity and dune height are the two factors that influ-
ence the pressure drop. Finally, they restrict each other until
equilibrium is reached.

Fig. 7 describes the dimensionless particle—particle force 17,
versus z curves at different injection velocities. The overall trend
increases, but in the dune development stage (corresponding
scour-dominant stage), high-velocity has lower 7. It can illustrate

v=0.1m/s

501 v=0.15m/s
v=0.2m/s

40 A

30

S}

20 A

10 4

0 4

Dimensionless time (-)

Fig. 7. Dimensionless particle-particle force 17, versus dimensionless time curves at
different injection velocities.
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the flow regimes at different injection velocities with I7,. In this
case, I1, stands for the particles’ chance of collision and strength.
Lower T, demonstrates more energy works on the dune inert than
transport. It can also illustrate that the number of suspended and
fluidized layers is larger relatively during the dune development
stage, which implies the potential transport ability. This flow
regime is favorable for proppant transport, as more injected en-
ergy is consumed in particle mobilization rather than being
dissipated through particle—particle contacts. Therefore, higher
injection velocity enhances proppant transport efficiency primar-
ily by reducing inter-particle interaction forces and promoting
particle suspension.

3.3. Effect of fracture inclination angle

From a mechanistic perspective, fracture inclination angle
directly alters the relative contributions of gravitational forces
acting parallel and normal to the fracture plane. As the inclination
angle increases, the component of gravity parallel to the fracture
enhances particle sliding and downslope transport, whereas the
normal component governs particle settling and contact force
development. This redistribution of gravitational effects modifies
the force balance controlling blocky dune stability, resulting in
observable variations in dune morphology, migration behavior,
and flow regime characteristics. To systematically investigate the
influence of fracture inclination on proppant placement and flow
regimes, five representative inclination cases are considered in the
simulations. Fracture inclination is implemented by varying the
direction of the gravitational acceleration vector. The selected
inclination angles are 0° (parallel to gravity), 30°, 45°, 60°, and 90°
(perpendicular to gravity), as summarized in Case 1, Case 5, Case 6,
Case 7 and Case 8 of Table 1.

Fig. 8 indicates the flow field, proppant transport, and dimen-
sionless drag force. It can be found that increasing inclination
angle can expand the DPBL and diminish the mean DPBH. This is
because inclination angle increasing is equivalent to increasing the
sediment area in the flat layer stage (settlement-dominant stage)
(Zhou et al., 2024). During the dune development stage, an incline
fracture has a shortened settlement distance from the highest
point in the fracture so that the dune can develop earlier. That is
why the proppant can be transported more quickly and have a
wider placement area. When the fracture is vertical, its initial
sediment area is only the bottom of the fracture. It is noticeable
that horizontal fracture (90°) has good transport ability and cannot
form a sediment layer.

Not only that, but the geometric characteristics of dunes
directly narrow the flow channels and alter their internal flow field
distribution. Due to the fluid velocity being smaller, the dimen-
sionless drag force in different inclination fractures also follows
the rules above. The overall trend is the same as the one in the
previous analysis. During the settlement-dominant stage, the
changing trend roughly overlaps. As the inclination angle is 90°,
there is no integrated settlement stage. After it is not referred to,
during the scour-dominant stage, with the inclination climbing,
the 17, drops, and the curve shape are similar. Fig. 9(a) shows the
distribution and direction of the dimensionless drag force acting
on particles. Two main places contribute to the large drag force a
lot. One is the placement at the entrance, which does not exist in
high-inclination fractures. The other is the obtrusive part, a dotted
line mark in yellow, which is the blocky characteristic. It can
change the fluid field and flow direction, dissipating some energy
by exerting greater drag force. This blocky feature disappears
when the inclination ascends. The inclination continues to grow,
becoming more similar to planar fracture. A lower dimensionless
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Fig. 8. Snapshots of the flow field, proppant transport, and dimensionless drag force at the same dimensionless time with different inclination angles: (a) 0°; (b) 30°; (c) 45°; (d)

60°; (e) 90°.

drag force represents less velocity difference, which can directly
influence energy loss and induce a lower pressure drop.

As shown in Fig. 9(b), the dimensionless pressure drop varies
with fracture inclination. A smaller inclination angle is associated
with a lower dune height, which enlarges the effective flow
channel and reduces flow resistance. In addition, under lower
inclination angle conditions, the reduced fluid-particle drag leads
to less energy dissipation during proppant transport, allowing
more injection energy to be preserved in the fluid phase. As a
result, fractures with smaller inclination angles exhibit a lower
dimensionless pressure drop, indicating improved flow capacity
and fracture conductivity.

Dimensionless particle—particle force 17, is shown in Fig. 10 to
understand the placement with different inclination angles. Each
particle-particle curve line experiences an increase to different
extents except for horizontal fracture. More inclination results in
less particle—particle force. This shows particles in incline fractures
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have less contact and work together. It is a benefit to the transport.
That’s why the high-inclination fracture has quicker transport and
broader area. Therefore, it is necessary to decrease the chance of
contact to have good transport ability. The most efficient transport
pattern is like horizontal fracture, which uses all fluid energy to
move further in the fracture.

3.4. Effect of the fluid viscosity

Hydraulic fracturing fluid viscosity is a key parameter con-
trolling proppant transport behavior. Fig. 11 illustrates the flow
field and proppant placement patterns obtained using fluids with
different viscosities (see Case 1, Case 9, Case 10 and Case 11 in
Table 1) at the same dimensionless time. Herein, the dimension-
less viscosity is realized by relative viscosity, which is defined as
the ratio of the fluid viscosity to the reference viscosity of water,
ensuring the consistency of parameter normalization in the
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Fig. 9. Dimensionless drag force /7; (a) and dimensionless pressure drop I (b) versus dimensionless time curves at different inclination angles.
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Fig. 10. Dimensionless particle-particle force /7, versus dimensionless time curves at
different inclination angles.

simulation. As fluid viscosity increases, the proppant transport
distance is extended, while the overall placement height of the
proppant dunes decreases, indicating a redistribution of particles
along the fracture. The increased viscosity significantly modifies
the local flow field structure. As highlighted by the dotted regions
and the enlarged views on the right side of Fig. 11, particles
entrained in high-velocity flow regions experience highly fluctu-
ating fluid—particle interaction forces. These fluctuations lead to
disordered drag force directions, which promote particle rear-
rangement and contribute to the observed changes in dune
morphology and transport characteristics. As fluid viscosity varies,
a clear trend in proppant dune morphology can be identified. At
lower viscosity values, the settling velocity of proppants is rela-
tively high and the fluid-particle interaction force is comparatively
weak, allowing particles to deposit more rapidly and form rela-
tively stable blocky dune structures. As fluid viscosity increases,
the enhanced fluid—particle interaction intensifies the disturbance
exerted by the flowing fluid on the dune surface, leading to
increased particle rearrangement and a more loosened dune
structure. Consequently, higher viscosity conditions tend to pro-
mote dune deformation and dispersion rather than stabilization.
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Fig. 12(a) is a dimensionless drag force 17; curve at different
dimensionless times within different fluid viscosities. Overall, the
highly viscous fluid corresponds to the drag force being bigger. It is
not difficult to understand the curve changes over a later time.
However, the strange point is that the changing trend for the time
before 3 is not obvious with the large viscosity. Only the case with
up = 9 exhibits a monotonically increasing trend. Accordingly, the
flow regime within a specific time interval needs to be analyzed.
Fig. 12(a) presents the streamlines, proppant distribution, and
dimensionless drag force acting on proppant particles at the
dimensionless time r = 3. At this time, all cases are in the flat layer
stage (settlement-dominant stage). The viscous drag region, the
suspended particle area, increases when the fluid viscosity in-
creases. It demonstrates a weaker settlement trend, so the dis-
tance is longer. From the previous studies, this characteristic
parameter of the flat layer distance is a property of a specific
boundary condition (Zhou et al., 2024). As illustrated in Fig. 13, the
abnormal variations can be attributed to two factors. On the one
hand, suspended particles dominated by drag force account for a
large proportion of total particles. On the other hand, erosion
induced by high-viscosity fluids remodels the bed into distinct
dune morphologies, where abundant fragmented blocky dunes
emerge especially under the corresponding flow condition. Each
abrupt little dune has resistance to the fluid; at the same time,
when the streamline passes through, it cannot smoothly cut into
the little dune. It can generate a strong velocity difference and
result in greater drag force.

Fig. 14 exhibits the diagram of particles subjected to dimen-
sionless drag force direction under different conditions in a part of
the blocky dune. There are four types of drag force directions.
Particles I are suspended particles in front of the dune. The drag
force direction is opposite to the settling direction. Particles III are
the back of the dune with little disturbing. They are similar to
particles I. Particles II are in a fluidized layer with a continuous
dune location. They have an approximately consistent direction
with the flow field direction there. At the same time, it is also
tangent to the fluidized dune. Unlike the others, particles IV are in
blocky dune cutting edge, which has a larger friction. The fluid
velocity difference between the fluid and the particles depends on
the flow field direction. Therefore, the drag force direction is
consistent with the flow field direction but hard to tangent to the
dune surface. All four drag force directions coexist within complex
blocky dune structures.

Fig. 12(b) is dimensionless pressure drop curves at different
fluid viscosities within different dimensionless times. Generally
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Fig. 11. Snapshots of the flow field, proppant transport, and dimensionless drag force at the same dimensionless time with different dimensionless viscosities: (a) up = 1; (b)
#p =35 (€) up = 6; (d) up = 9.
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Fig. 12. Dimensionless drag force /7, (a) and dimensionless pressure drop I (b) versus dimensionless time curves at different fluid viscosities.

speaking, fluids with high viscosity have larger pressure drops and dune at the entrance of the fracture, which will reduce the greater
smaller fluctuations and are smoother than fluids with low vis- resistance of the fluid, the longer distance dune and more contact
cosity. The high viscosity eliminates the possibility of sand plug- area still strengthen the resistance. Besides, the pressure drop is
ging and ensures a stable increase in pressure drop. Although from due to the friction between the fluid and the dune. In highly
the placement, the highly viscous fluid has strong erosion on the viscous fluid, the smaller overall flow field velocity indicates the
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Fig. 13. Snapshots of the streamlines, proppant transport, and dimensionless drag force at the same dimensionless time with different dimensionless viscosities: (a) up = 1; (b)

up =3; (€) up = 6; (d) up = 9.
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Fig. 14. Schematic diagram of particles subjected to dimensionless drag force direc-
tion under different conditions in a part of the blocky dune. (I) Suspended particles;
(11) fluidized layer particles; (1II) backflowing particles; (IV) particles in blocky dune
cutting edge.

consumption of more injection energy, which is lost in trans-
porting proppant and converted into pressure drop. This higher
consumption is relative to the high viscosity fluid and rough
fractures wall to a large extent. Fortunately, this energy transfer
causes the dunes to move further, instead of being severely lost at
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the entrance because of the high viscosity fluid sweeping char-
acteristic. Finally, a few reasons appear in the high viscosity fluid, a
high Reynolds number, which will produce more eddy distur-
bances, thereby increasing energy loss, especially in systems with
unstable flow fields such as rough fractures.

Fig. 15 is a dimensionless particle—particle force curve with
dimensionless time at different injection velocities. Apart from the
special properties caused by the blocky dune with a fluid viscosity
of 1, the overall dimensionless particle—particle force varying trend
maintains a monotone trend. The viscosity of the proppant-
carrying fluid has a positive correlation with the magnitude of
the hydrodynamic force acting on proppant particles. Based on the
above analysis, a better transport case should have little
particle-particle force, which reduces intersections, constraints,
and collisions among particles, thereby increasing the chance of
forward transport. But the result is an adverse interpretation here.
The long-distance transport of particles is not attributed to
weakened particle-particle bonding, but to the reduced particle
settling velocity and prolonged settling time in high-viscosity
fluids. There are more particles in the suspended layer, and more
energy is transferred by the fluid, resulting in less resistance from
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Fig. 15. Dimensionless particle-particle force /7, versus dimensionless time curves at
different fluid viscosities.

the bed. And the particles can move further in the suspended layer.
However, simultaneously, due to the huge liquid exerting pressure
on the bed, the dune must have enough force to balance it.
Therefore, the greater the viscosity, the closer the particles are to
each other and the greater the force.

From the above study, depending on micro-internal mecha-
nisms with dimensionless drag force, pressure drop and
particle—particle force, there are 2 internal factors that influence
the efficiency of proppant transport, settlement time and
particle-particle force. For cases with varying injection velocities,
enhanced proppant transport is achieved with nearly constant
settling time and lower particle—particle force compared with the
reference case. It means that the strategy of injection velocity
enhances the transport by reducing the particle-particle force. For
the cases with different fluid viscosities, it has increasing
particle—particle force and settlement time, but is still with a
promoting effect. It means it can improve the proppant transport
by increasing settlement time. Similarly, the cases with different
fracture inclination angles decrease the settlement time and in-
crease the particle-particle force. The net promoting effect arises
because the benefit of reduced inter-particle force outweighs the
inhibitory impact of shortened settling time. The corresponding
function table is shown in Table 2.

3.5. Multi-factor analysis of proppant placement by means of the
orthogonal test method

Orthogonal tests are based on statistics and the principle of
orthogonality. It can reduce the number of trials and resource
usage by choosing typical components and levels from full eval-
uation locations. It is a fast and economical experimental design

Table 2
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method and an important solution for studying multi-factor and
multi-level problems. The physical mechanisms underlying the
orthogonal test results can be interpreted by linking the dominant
factors to the micro-scale force analysis discussed in Sections
3.1-3.4. Injection velocity primarily affects proppant transport by
regulating the fluid-particle relative velocity, thereby directly
controlling the dimensionless drag force 77; and the particle sus-
pension capability during the scour-dominant stage. Proppant
concentration mainly influences the particle—particle interaction
force 11, by altering collision frequency and mechanical con-
straints within the proppant bed, which governs dune stability and
settling behavior. In contrast, fracture roughness modifies local
flow channels and contact conditions, affecting both 77, and 17, by
enhancing velocity gradients and force transmission heterogene-
ity. Therefore, the factor importance ranking obtained from the
orthogonal analysis is physically consistent with the force-based
mechanisms identified at the particle scale, providing a coherent
interpretation of the macroscopic sensitivity results.

The above study illustrates the micro-internal mechanisms of
multiple factors including injection velocity, fracture inclination
angle and fluid viscosity. For analyzing the effect on proppant
placement with these factors, the orthogonal test method was
used to compare the extent of influence and find the relatively
more optimized setting. After simulating the comprehensive ef-
fects of viscosity and fracture inclination angle, it was found that it
can shape a suspension transport. This can verify the above study
that increasing fracture inclination angle improves the transport
effect through decreasing particle-particle force. However, it
cannot be used for discussing the effect on DPBH and DPBL owing
to the fact that the suspension transport cannot generate dune. It
means that the orthogonal test including fracture inclination is not
the scope of the consideration. Therefore, the Wy was selected to
analyze multi-factor analysis of proppant placement. Meanwhile, a
wider range of Wy can capture the effects of more fracture types.

In orthogonal tests, an orthogonal list is commonly used to
analyze the measured results, which is usually expressed as
Ln(t%) (where L represents the orthogonal list number, n repre-
sents the number of tests, t represents the number of levels of
factors, and c represents the number of columns or the possible
maximum number of factors). To meet the requirements of any
orthogonal list, each factor corresponds to 3 levels, which en-
sures that the proppant placement is optimal when any other
factor remains unchanged. Therefore, a certain number of tests
need to be carried out in total (which can be calculated ac-
cording to the orthogonal table). The L9(33) orthogonal level list
and the corresponding orthogonal list are shown in Tables 3 and
4 respectively.

Table 3
L9 (33) orthogonal level list.
Incline angle (A) Injection velocity (B), m/s Wy (C)
Level 1 0° 0.1 0.3
Level 2 30° 0.15 04
Level 3 60° 0.2 0.6

Action characteristics of proppant transport influencing factors: settling time and particle—particle force.

Influential factors Settlement time

Particle—particle force

Effect on proppant transport (promoting or slowing)

Injection velocity - l
Fracture inclination angle 1 1
Fluid viscosity 1 1

+
+
+
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Table 4 Table 6
L9 (33) orthogonal list. Analysis of ranges of orthogonal results (DPBH).
Trial No. A B C Trial No. A B C DPBH
1 1 1 1 1 1 1 1 0.3541
2 1 2 3 2 1 2 3 0.3684
3 1 3 2 3 1 3 2 0.2249
4 2 1 3 4 2 1 3 0.5550
5 2 2 2 5 2 2 2 0.2871
6 2 3 1 6 2 3 1 0.1722
7 3 1 2 7 3 1 2 0.4641
8 3 2 1 8 3 2 1 0.2871
9 3 3 3 9 3 3 3 0.1770
K1 0.947368421 1.373205742 0.813397129
K2 1.014354067 0.942583732 0.976076555
K3 0.928229665 0.574162679 1.100478469
K1 03158 0.4577 02711
The range analysis method is typically used to analyze k2 0.3381 03142 03254
orthogonal test results. The range is denoted by R;, which is the k3 0.3094 0.1914 0.3668
. . Range (R) 0.0287 0.2663 0.0957
difference between the largest and minimum average values un- Optimized result A2B1C3
der the level of factors in the j column, and the following is the Significance of factors B>C> A

corresponding computing formula:
Ry = max (kaj,kj, .., k) = min (kyj, Koy, .., k) (17)

where, k;; represents the total of corresponding test data of level i
of the factors in the j column.

The larger the R;, the more significantly the variation of the
factor impacts the measured results; that is, this factor is more
sensitive to the measured results. Hence, the significance factors of
the testing level may be determined using the measured results.

DPBL and DPBH are used to evaluate the effect of these factors
on proppant transport, where K; represents the total of all DPBL
and DPBH under level i of a certain factor and k; represents the
average of all DPBL and DPBH under level i of a certain factor,
whose optimal level is defined as the level corresponding to the
factor (level = the maximum of k; for each column).

Analysis results of ranges in Tables 5 and 6 reflect the optimal
combination (A3B3C1) for DPBL and A2B1C3 for DPBH. The data
shows that for DPBL, the most significant impact is the incline
angle and the effect of others under the setting of this range are the
same. For DPBH, the most significant impact is injection velocity,
which can decrease the height of the dune greatly. The next sorting
is Wy and incline angle.

Table 5

Analysis of ranges of orthogonal results (DPBL).
Trial No. A B C DPBL
1 1 1 1 0.4778
2 1 2 3 0.2793
3 1 3 2 0.5391
4 2 1 3 0.2559
5 2 2 2 0.5496
6 2 3 1 0.8321
7 3 1 2 0.6069
8 3 2 1 1.0000
9 3 3 3 0.8620

~
=

1.296206618 1.340597256 2.309927361
1.637610977 1.82889427  1.695722357
2.468926554 2.233252623 1.397094431

~ A
w N

k1 0.4321 0.4469 0.7700
K2 0.5459 0.6096 0.5652
K3 0.8230 0.7444 0.4657
Range (R) 0.3909 0.2976 0.3043

Optimized result A3B3C1
Significance of factors A>C>B

4. Conclusions

This study validates a CFD-DEM model by comparing the
simulation results with existing experimental data. Synfrac soft-
ware is used to generate a rough fracture. The primary focus is
investigating micro-internal mechanisms of proppant transport in
narrow rough fractures and analyzing the flow regimes of blocky
dunes using pressure drop and force analysis. The underlying in-
fluence mechanisms are investigated by varying injection velocity,
fracture inclination angle, and fluid viscosity. The major findings of
this study are summarized as follows:

Unlike continuous dunes found in planar fractures, blocky
dunes in rough fractures exhibit distinct characteristics. Specif-
ically, the drag force experienced during the blocky dune devel-
opment process is generally larger. This process can be divided into
two periods: the settlement-dominant and scour-dominant
stages, representing two main impact mechanisms. Overall,
there is an initial decrease in drag force followed by an increase.

A larger injection velocity results in a longer dune, larger drag
force, and pressure drop due to the greater velocity difference from
the static dune. However, it also leads to a lower particle-particle
force, indicating reduced particle interaction and better transport
efficiency.

Fracture inclination significantly affects dune shape. When the
inclination is closer to horizontal, longer and lower dunes are
formed, corresponding to lower drag force and pressure drop.
Additionally, lower particle-particle force indicates better trans-
port efficiency.

Injecting high-viscosity fluid can expand the dune length but
reduce its height. It also results in a larger dimensionless drag
force and pressure drop. Increasing the fluid viscosity makes the
curve change characteristics less obvious. There is even a mono-
tone trend in dimensionless viscosity of 9. There are two ways to
improve transport efficiency in microscale mechanisms. One is to
reduce particle—particle interaction forces and the other to in-
crease settling time. Increasing viscosity in this article falls into the
latter category.

Through the orthogonal test method, it can be found that the
incline angle has the most significant impact on dimensionless
proppant bank length (DPBL) and injection velocity has the most
important impact on dimensionless proppant bank height (DPBH).
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