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Proppant transport is a critical physical process in hydraulic fracturing which has been extensively used for
reservoir stimulation in petroleum engineering. Proppants injected together with fracturing fluid provide
structural support to the stimulated fracture network and prevent them from closing after flowback. Hence, the
final proppant distribution in fracture networks affects directly the effectiveness of hydraulic fracturing. Owing

to the limitation and high cost of well logging, computational modelling has been increasingly used to study
proppant transport, where different assumptions and numerical models have been employed often without
rigorous validation or justification. This work presents a comprehensive review on proppant transport modelling,
from relevant physics to numerical approaches, aiming to provide an unbiased global picture of the-state-of-the-
art studies, inspire new insights, and promote the development of innovative and reliable computational models

for proppant transport.

1. Introduction

Hydraulic fracturing (also known as hydrofracking or fracking) is a
technique to create fluid-driven fracture networks in tight formations
and thereby increase the formation permeability of unconventional oil
and gas reservoirs. Since the first hydraulic fracturing operation con-
ducted in 1947 on a gas well in the Hugoton field (USA) (Hubbert and
Willis, 1957; Carter et al., 2000; Adachi et al., 2007), the application has
been growing continuously and is now widely used by the petroleum
industry for reservoir stimulation, thereby enhancing the production of
oil or natural gas (Detournay, 2016; Obeysekara, 2018; Chen et al.,
2020). As shown in Fig. 1, hydraulic fracturing is a coupled process
involving rock deformation, fluid flow, and the dynamic fracture prop-
agation (Vandamme and Curran, 1989; Vandamme et al., 1989; Rahman
and Rahman, 2010; Mokryakov, 2011; Lavrov, 2017; Chen et al., 2018a,
b, ). During the injection stage the fracture area grows, but if the
pumping stops it may close, loosing the newly created flow paths (Barati
and Liang, 2014). Hence, proppants (small particles like sand) are usu-
ally added into the fracturing fluid to be carried into the fracture as a
slurry (i.e. mixture of pulverized solids and a liquid). Then, in the ideal
scenario, the fracturing fluid flows back to the wellbore after pumping
ends and the proppant particles stay in place to prevent fractures from
closing and preserve the created flow path during the production phase

* Corresponding author.
E-mail address: c.fli@swansea.ac.uk (C. Li).

https://doi.org/10.1016/j.petrol.2021.108753

(Babcock et al., 1967; Adachi et al., 2007; Dontsov and Peirce, 2014b;
Wu et al., 2014; Sahai and Moghanloo, 2019). Therefore, the final dis-
tribution of proppant in the stimulated fracture network is critical to the
effective fracture network (Kong et al., 2015).

The final distribution of proppant in the stimulated fracture network
is determined jointly by the injection strategies, properties of proppant
and fracturing fluid, complexity of the fracture network, etc. (Blyton
et al., 2015; Dogon and Golombok, 2016; Tong and Mohanty, 2016; Hu
et al., 2018a; Chang et al., 2018; Sahai and Moghanloo, 2019; Gong
et al., 2020). The last several decades have seen a better understanding
on the influence of the injection strategies and the development of
diverse types of proppant and fracturing fluid. The first batch of fluid
injected is usually clean in order to generate larger fracture width
(Perkins and Kern, 1961). Then the smaller particle size proppants are
injected followed by larger particle size proppants to maximize the near
wellbore conductivity (Liang et al., 2016). However, a reverse proppant
addition schedule was recommended by Hu et al. (2018a) through nu-
merical simulation. The size of proppant is generally between 8 and 140
mesh (i.e. 105ym — 2.38 mm) (Liang et al., 2016). The types of prop-
pants have been broadened from the silica sand used in the first fracking
job (Barati and Liang, 2014; Liang et al., 2016) to such diverse materials
as precured resin-coated sand, curable resin-coated sand,
intermediate-strength ceramic proppant, lightweight ceramic proppant
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Fig. 1. Proppant transport in hydraulic fracturing process.

and high-strength proppant (Fink, 2013; Zoveidavianpoor and Gharibi,
2015; Liang et al., 2016; Belyadi et al., 2017). The commonly used
fracturing fluids for carrying proppants include slickwater, gel and
crosslinked fluid etc., whose viscosities vary greatly from 1 cP to over
1000 cP (Fink, 2012; Al-Muntasheri, 2014).

Numerical modelling is an important technique to better understand
the relevant mechanisms for proppant transport in hydraulic fracturing
and to optimise the designs of proppant, fracturing fluid and injection
strategy. The proppant transport in stimulated fracture networks is
essentially a multiphase flow system with some unique characteristics,
posing several major challenges to its numerical simulation. First, be-
sides the fluid-particle interaction and settling which generally occur in
particle-laden flows, other physical processes such as bed formation,
screenout and wall effect also need to be carefully considered in prop-
pant transport modelling (Kern et al., 1959; Raimbay et al., 2016).
Secondly, instead of taking place within a fixed geometry, the fluid
domain of proppant transport keeps changing as the fracture propagates
and it forms into irregular paths and complex networks, which signifi-
cantly increases the numerical challenges of the associated fluid simu-
lation (Chang, 2014; Tong and Mohanty, 2016; Chang et al., 2018; Sahai
and Moghanloo, 2019). Thirdly, the large quantity of proppants (several
thousand tons) injected in a hydraulic fracturing operation and the
significant size difference between proppant (often less than a mm) and
hydraulic fracture (several hundred metres) make the high-fidelity
simulation of proppant transport extremely expensive, which is
further complicated by the dynamic coupling between proppant trans-
port and fracture propagation.

The numerical methods for multiphase flow simulation can be clas-
sified into two groups: Eulerian-Eulerian and Eulerian-Lagrangian
schemes. Based on both schemes, many numerical models have been
proposed to investigate proppant transport during hydraulic fracturing.
Some models consider simplified configurations, e.g. a flow channel
formed by two parallel plates with fixed height, length and width, while
the others (Boronin and Osiptsov, 2010; Blyton et al., 2015; Hu et al.,
2018b, a) deal with the entire hydraulic fracture process involving both
fracture propagation and proppant transport. For the latter, the main
focus has been on the fracture initiation and propagation, while much
simplified conditions and models are adopted to model proppant
transport. As a result of various assumptions and the lack of accurate
formation data, existing hydraulic fracture simulations are often found
to over-predict propped or effective fracture lengths by 100%-300%
(Blyton et al., 2015).

The purpose of this paper is to provide a dedicated review on the
state-of-the-art modelling techniques of proppant transport, focusing on
the physical mechanisms behind the phenomenon, relevant theories,
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and existing proppant transport models. A summary of the advantages
and disadvantages of diverse numerical models is provided. The review
is divided into two parts: the physics and theories involved in proppant
transport and the modelling approaches, which are presented in § 2 and
§ 3, respectively.

2. The physics behind proppant transport

After a fracture is opened by the fluid pressure, proppants are
injected with the fracturing fluid to prevent the hydraulic fracture from
closing. The dynamic behaviours of proppant particles throughout the
fracture path involve a number of physical processes which are
explained in the following subsections.

2.1. Multiphase flow

Since proppant particles are mixed with fracturing fluid and injected
together through the fracture, the process of proppant transport can be
treated as a multiphase flow system with at least two distinct phases: the
liquid and solid particles (Shook and Roco, 1991; Wang et al., 2018a).
This kind of slurry flow is commonly encountered in such diverse in-
dustries as petroleum, chemical and manufacturing sectors.

It is however not easy to give an exact definition of a multiphase
system since it depends on both the physical nature of problem and the
investigation approach (Prosperetti and Tryggvason, 2009). A phase can
be characterized as a class of materials that has a specific inertial
response to the interaction between the phase itself and the flow field in
which it is immersed. Hence, the concept of phase in multiphase flow
systems is not directly related to material characteristics. For example,
particles of the same material with different sizes can be treated as
different phases, as their dynamical responses to the flow field differ
(Austin et al., 1997; Crowe et al., 2012). For multiphase flow simulation,
choosing a correct mathematical model to represent the interphase
interaction is critical.

Treating the mixture of proppant and fracturing fluid as a uniformly
mixed slurry, its bulk motion in hydraulic fractures can be described by
the Navier-Stokes equations (Moukalled et al., 2016):

d

5PV pw)= = Vp+V T4pg +F @
op _

E+V~(pv)—0 (2)

where p is the density of the slurry, v is the slurry velocity, p is fluid
pressure, g is gravitational acceleration, F is external forces, 7 is the
viscous and turbulent stress tensor and is expressed in following form for
Newtonian fluid:

tzﬂ(VerVvT—%I(V-v)) 3

where p is the dynamic viscosity of the slurry (see § 2.5 for more detailed
discussions) and I the identity tensor. The slurry density p is expressed
as:

p=cp,+(1=c)p; C)]

where c is the particle concentration, p, the particle density, and p; the
fluid density.

The above single-phase Navier-Stokes equations do not distinguish
the relative motion between the dispersed proppant phase and the
continuous fracturing fluid phase, and as a result such phenomena as
proppant settling, bed formation and screenout cannot be captured. A
multiphase flow approach is therefore needed. There are two main ap-
proaches for proppant transport modelling (Andrews and O’Rourke,
1996; Prosperetti and Tryggvason, 2009; Ansys, 2009): the
Eulerian-Eulerian scheme and the Eulerian-Lagrangian scheme. The
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main difference between them is how the dispersed phase (i.e. proppants
in this study) is treated in the simulation. In the Eulerian-Eulerian
approach, both the continuous fracturing fluid phase and the
dispersed proppant phase are treated as inter penetrating continua, and
their motions can be solved using either the two-fluid model (i.e. two
sets of coupled Navier-Stokes equations are solved, one for each phase)
or the mixture model (i.e. one set of Navier-Stokes equation is solved to
obtain the mixture average, after which the relative motions between
each phase and the mixture average are explicitly calculated with an
analytical solution). In the Eulerian-Lagrangian approach, the contin-
uous fracturing fluid phase is described by the Navier-Stokes equations,
while the dispersed proppant phase is represented by Newton’s law (see
¢ 3 for more details).

2.2. Lubrication theory

In the context of hydraulic fracturing, proppant transport takes place
inside a domain where width is always much smaller than the height and
length, especially in unconventional reservoirs. Based on this geometric
condition, the Navier-Stokes equations can be simplified according to
the so called lubrication theory (Osiptsov, 2017). The lubrication theory
describes a flow in a domain where one dimension is much smaller than
the others (Batchelor, 2000), and has been one of the most widely used
fluid flow models in various hydraulic fracturing simulators (Econo-
mides and Nolte, 2000; Osiptsov, 2017).

The lubrication theory ignores the fluid flow along the smallest
dimension. Therefore, when it is used in hydraulic fracturing simulation,
the flow perpendicular to fracture wall is ignored, resulting in a 2D
model to approximate the 3D Navier-Stokes system (Economides and
Nolte, 2000). With the change of fracture width considered, the
Navier-Stokes equation (1) reduces to the Poiseuille’s law, a partial
differential equation that relates the flow velocity to the change of
fracture width and the pressure gradient (Adachi et al., 2007)

w3 ow
v (@ (Vp —pg)) v ®)

where w is the fracture width.

2.3. Settling and convection

Once proppants are injected into the fracture, particles travel until
they settle downwards at the bottom of fracture space. Induced by a
combination of gravitational, drag and buoyant forces, proppant settling
out of suspension has been considered as one of the most important
proppant transport mechanisms (Mack et al., 2014; Liang et al., 2016).

The proppant suspension has been commonly described by the
Stokes flow model, which assumes proppants as small particles sus-
pended in a low-velocity laminar flow with negligible inertial force
(Clark and Quadir, 1981; Shah, 1982). The interaction between carrier
fluid and proppant particles is represented by the drag force that acts in
the opposite direction of flow, which is typically expressed as a function
of the slip velocity between phases. For a Newtonian fluid in the Stokes
regime, the drag force can be expressed as (Panton, 1996; Batchelor,
2000):

)
Fp= CDgpfdpvs,ip 6)
where Cp is the drag coefficient, p; the fluid density, d, the diameter of
particles, and v, the relative velocity. As an empirical parameter, the
drag coefficient Cp is often related to the Reynolds number Re:

24
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where v, and vy denote the particle velocity and fluid velocity, respec-
tively, and p is the fluid viscosity. Therefore, the Reynolds number
directly affects the terminal velocity of falling particles (Clark and
Quadir, 1981). For example, with a low Reynolds number (Re < 2), the
terminal settling velocity for a single particle induced by gravity in an
infinitely large space can be obtained as (Novotny, 1977):

g =550 = 21) ©
18y,

where p, denotes the particle density. According to (Mack et al., 2014),
Eq. (9) is also applicable to fracturing fluids of viscosity range between
50 cPand 100 cP. When the Reynolds number Re increases to 2 ~ 500,
the settling velocity is better described by Eq. (10) and Eq. (11); and
when Re exceeds 500, the settling velocity is better represented by Eq.
(12) and Eq. (13).
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The above equations are developed for a single particle settling. As
the fluid phase of slurry leaks into the formation, the proppant con-
centration increases, which can then affect proppant settling (Babcock
et al., 1967; Novotny, 1977; Clark and Quadir, 1981; Meehan et al.,
1991). A hindered proppant settling occurs when particles are close to
each other such that their motions are restricted by neighbouring par-
ticles. A relationship given by Clark and Quadir (1981) is listed as:

c
Vs = Vinf [ o182(1—0) a4
where v is the corrected settling velocity, and ¢ proppant concentration.
Gadde et al. (2004) proposed another empirical correlation to model
the reduction of the settling velocity of proppant with the proppant
concentration ¢ approaches the pack limit as:

vy = Vi (2.37¢* — 3.08¢ + 1) (15)

Apart from the settling mechanism discussed above, Cleary et al.
(1991) and Cleary and Amaury Fonseca (1992) introduced the term
“convection” to represent a mass of injected slurry moving at the bottom
of fracture due to the density difference between injected mixture and
pad fluid, resulting in a downward motion. Fig. 2 shows a mass of slurry
moving down due to the contact with the fluid preciously present in the

SLURRY

Fig. 2. Schematic of convection during proppant transport.
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geometry. Convection is related to the vertical motion of particles.
However, instead of being governed by the slippage between fracturing
fluid and proppant particles, convection is directed by the bulk density
disparity (Mobbs and Hammond, 2001). More recently, the proppant
settling behaviour was also related to the fluid characteristics by Clark
(2006), where the carrier fluid is classified into two groups: crosslinked
and non-crosslinked. It is concluded that proppant settling can occur in
non-crosslinked fluids but not in crosslinked fluids.

2.4. Wall effect

Due to the small width of hydraulic fractures, proppant transport is
likely to be affected by the fracture wall causing bridging, clogging or
trapping of particles. To consider these effects on proppant settling,
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gravity. The settling rate is dependent on fracturing fluid, fracture
characteristics as well as particle behaviour, which can also affect slurry
properties. Any variation of proppant concentration during proppant
transport directly affects the viscosity of slurry in the region (Barree and
Conway, 1995; Dogon and Golombok, 2016). Besides proppant con-
centration, the particle-particle and particles-fluid interactions also
affect the slurry viscosity (Gillies et al., 1999). Hence, to determine the
effective viscosity of the slurry is critical for proppant transport
modelling (Shah, 1982; Hammond, 1995).

There have been numerous empirical models proposed in the liter-
atures to estimate the effective viscosity of slurry. The first viscosity
estimation for a suspension fluid is arguably proposed by FEinstein
(1905), which simply relates the slurry viscosity of dilute flows with the
particle concentration:

Novotny (1977) introduced a fracture wall coefficient f,, for Re < 1 and H=Hs (1+2.5¢) 18
Re > 100 as follows:
3 4 5
1 —0.6526 (@> +0.147 (ﬁ) —0.131 (ﬂ) —0.0644 (ﬁ> JRe < 1
Vi w w w w
fo= E = 5 (16)

d 2
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where v,, is the corrected settling velocity accounting for the wall effect
and vy is the settling velocity of single particle. For cases between these
two regions, a simple linear interpolation based on the Reynolds number
is used.

Instead of distinguishing the flow regime with Reynolds number, Liu
et al. (2005) proposed to use the particle radius r, and the half width of
fracture wy, to represent the wall effect:

10160722 < 0.9
Vi Wi Wh

Vinf 8.26.¢~ 000611 <1 _ L”) LS 0.9

b -
Wi/ Wh

S a7)

where y; denotes the viscosity of Newtonian fluids or apparent viscosity
for Non-Newtonian fluids.

It is worth to note that besides the small width, wall roughness also
impacts proppant transport (Huitt, 1956; Wahl and Campbell, 1963;
Suri et al., 2020a). Huitt (1956) and Wahl and Campbell (1963) high-
lighted that in regions of turbulent flow roughness effects become
prominent. Additionally, as suggested by Liu et al. (2005); Huang et al.
(2019); Suri et al. (2019, 2020a), there is a significant difference be-
tween proppant movement in a smooth vertical fracture compared to in
a rough one, which affects the final settling and bank location. Liu et al.
(2005) demonstrated how much wall roughness retards particles ve-
locity. Fingering of slurry is created when roughness becomes large and
to overcome the fingering issue, an injection of a low-viscous fluid after
the high viscous slurry is recommended, which carries proppants deeper
into the fracture. This technique is named Reverse-Hybrid Frac (Liu
et al., 2007). Raimbay et al. (2016) pointed out that surface roughness
also affects the placement stability of proppants. Thus, in a smooth wall
model, particles get distributed more uniformly and packed as
multi-layers, while in rough fractures, particles get distributed
non-uniformly and formed a partial-monolayer.

2.5. Slurry viscosity

Proppants are injected into the fracture as a mixture with fracturing
fluid and move downwards and settle at the bottom of the fracture due to

The above estimation assumes a uniform distribution of large parti-
cles at low concentration. There have been a number of variations to this
simple estimation. For example, Nicodemo et al. (1974) proposed:

2
1.25¢
1 ——<

Cmax

p=p | 1+ 9

where Hy is the Newtonian effective viscosity of the clean fluid, and cpax

is maximum volume fraction for the packing. Another similar variation
was proposed by Adachi et al. (2007); Boronin and Osiptsov (2010):

C p
u:uf(l — > (20)

where f is a negative number normally between —3 and — 1. In Eq. (19)
and Eq. (20), the slurry viscosity tends to infinity when the particle
concentration approaches the maximum packing limit. Therefore, a
threshold value is generally enforced on the slurry viscosity to avoid
numerical instability in numerical modelling of proppant transport.

Besides the above Einstein-type estimations, other forms of slurry
viscosity formulae have also been proposed, such as

1

(=)
p=1125 | ——/—

I @D
- (=)
proposed by Frankel and Acrivos (1967) and
# =t (142.5¢ +10.05¢% 4 0.00273exp(16.6¢) ) (22)

proposed by Thomas (1965).

It should be noted that all aforementioned estimations are empirical
or based on oversimplified assumptions. To date, there has not been a
general consensus on the effective viscosity of slurry. Based on kinetic
theory of granular flows, Eskin and Miller (2008) proposed a compu-
tational model for a non-Newtonian slurry convection in a small fracture
domain. Their model takes into account particle collision and ideal-gas
motion, and the slurry viscosity is calculated as (Shook and Roco, 1991):
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Fig. 3. Schematic for proppant bed formation.

#=p(142.5¢+10.05¢* +0.0019exp(20c)) (23)

2.6. Bed formation

As shown in Fig. 3, an immobile proppant bed can form at the bottom
of the fracture during the proppant injection stage (Kern et al., 1959;
Patankar et al., 2002). The proppant bed formation is more likely to
occur when thin fracturing fluids are used, since the low viscosity
fracturing fluid carries less particles to the fracture tip and proppants
may settle more quickly near the wellbore. The height of proppant bank
tends to grow continuously until it reaches an equilibrium threshold,
determined by the velocity of fluid flowing across the top of the bank
(Hu et al., 2018b). An early-stage deposition causes accumulation of
proppants at the beginning of the fracture and is problematic for prac-
tical hydraulic fracturing operations.

After the formation of proppant bed, the bank settling movement will
dominate the transport of particles. The initiation of particle movement
from the bed is determined by the unbalance of forces acting on the
particles. The forces exerting on proppants can be generally grouped
into four types: drag, lift, gravity and buoyancy. The drag force is par-
allel to the fluid flow, the lift force is normal to the proppant bed, and the
sum of gravity and buoyancy tends to act downwards. The movement of
particles from the bed is closely related to the carrier fluid flow. Ac-
cording to (Mack et al., 2014), if the velocity of the carrier fluid passing
over the proppant bed is low, few particles are moved. If the fluid ve-
locity is higher, proppant grains start to roll or slide along the surface of
settled proppant bank. If the fluid velocity is even higher such that the
sum of drag and lift forces is greater than the submerged force (gravity
plus buoyancy), proppant grains can bounce off the surface and go back
into the flow stream.

In order to quantify the particle movement in relation to proppant
bed and based on a range of experimental models, Shields (1936)
defined a critical shear stress to determine when particles start to move
from the bed. Specifically, the Shields number is defined as the ratio
between shear and apparent weight on a single particle:

Tp

§=— >
(,0,, - pf)gdﬁ

(24)

where 7, is the shear stress acting on the top of the bank.
The average shear stress for a flow into a slot can be defined as (Biot

Fig. 4. Schematic for proppant transport mechanisms.
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and Medlin, 1985):

1
Tp = ng’pf\/j% (25)
where ¢ is a friction coefficient dependent on the Reynolds number Re.
Substituting Eq. (25) into Eq. (24) yields the fluid flow velocity to
cause bed erosion (McClure, 2018):

vy = S'S(pp _pf)gdp (26)
Py

McClure (2018) found that the bed transport begins at a Shields
number between 0.03 and 0.06.

In the presence of a proppant bank, there are three widely
acknowledged proppant transport modes: suspension, saltation and
reptation (or creep), as shown in Fig. 4. The suspension usually occurs at
the early stage of a mixture injected into the fracture. After that, the
proppant bank starts to build due to continuous particle settling, which
then leads to the saltation and reptation modes (McLennan et al., 2008).
In terms of numerical simulation, the suspension process can be
modelled by the approaches described in § 2.3. However, to model
saltation and reptation, it is necessary to consider the micromechanical
interactions between particles (Duran, 2000). As shown in Fig. 4,
reptation refers to the mode of particles starting to roll or creep at the
top of proppant bank after settling, and saltation refers to the jump of
particles that were previously on the surface of the proppant bed. The
creep movement is initiated by the shear stress, which is directly related
to the fluid velocity. Therefore, reptation is sensitive with respect to the
fluid velocity variation. In the saltation mode, particles go into the flow
stream, travel downward and then land back to proppant bed. As par-
ticles bounce between flow stream and proppant bed in the saltation
mode, it is also named as intermittent suspension. Concluded in (Wil-
cock and Crowe, 2003), a significant amount of particles travel close to
the bed surface. Thus, depending on the mass of those particles and the
transport momentum, when those particles land again from the jump,
they can collide and kick other particles into the flow stream. Such
complex behaviour can also happen with the next batch of lading
particles.

2.7. Types of proppants

Over the years, different types of proppants have been developed,
tested and adopted by the petroleum industry in hydraulic fracturing
treatment, and they are often classified as natural sand, ceramic and
resin-coated proppants (Pangilinan et al., 2016). To date, sand remains
as the most widely used proppant material by the industry (Liang et al.,
2016). It should be noted that even though sand is a natural material, a
series of production processes are still required to extract the material
from deposits, crush, clean, dry and size before it can be used in hy-
draulic fracturing treatment.

Ceramic proppants are developed to overcome the pressure resis-
tance barrier from the sand. There are vast base material options for
producing ceramic proppants, such as bauxite, kaolin, magnesium sili-
cate, and blends of bauxite and kaolin. Thus, the industry often further
subdivide ceramic proppants into three categories: high-density (rela-
tive density 3.5 g/cm®), intermediate-density (relative density
3.27 g/em®) and low density (relative density 2.55 ~ 2.71 g/cm?®)
ceramic proppants. The strength of ceramic proppants typically in-
creases with the density (Danso et al., 2020).

Resin-coated sand/ceramic proppants are developed to enhance the
conductivity of traditional sand and ceramic grains, and they can be
either pre-cured or cured in-situ. The main advantage (or purpose) of
resin-coated proppants is to trap broken grains and connect individual
grains to prevent flowback (Zoveidavianpoor and Gharibi, 2015).
However, since the coating is made of polymers, the temperature can
affect their mechanical response compared to inorganic proppants
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(Liang et al., 2016).

Choosing the most effective proppant type depends largely on the
geomechanical conditions of the reservoir, e.g. in situ stress, temperature
and permeability (Ahamed et al., 2020). Moreover, the stress transferred
from reservoir to proppant particles after releasing the fracturing fluid
must be treated with caution to avoid proppant crushing, proppant
embedment and fines generation, all of which could reduce the fracture
width (Han and Wang, 2014). With respect to the proppant shape,
traditionally it has been believed that the ideal proppant shape is
spherical or nearly spherical, and non-angular as much as possible
(Liang et al., 2016). However, different shapes of proppants other than
conventional spherical shape have been developed in recent studies. Jia
et al. (2019) suggested that rod-shaped proppants have been imple-
mented in several countries with consistent success in increasing stim-
ulation efficiency. Elongated rod-shaped proppant is believed to be a
promising candidate to increase pack permeability and prevent mature
screen-outs (Klyubin et al., 2015). Additionally, due to its geometry,
flowback tend to be reduced (Mcdaniel et al., 2010). For numerical
modelling, Osiptsov (2017) highlighted the importance of improving
models to consider the effect of proppant crushing.

2.8. Leak-off, flowback, and tip screenout

Both the design target and the practical behaviour of proppant
transport may be directly affected by the stage and status of hydraulic
fracturing operation. One such example is the influence from leak-off, i.
e. a fracturing fluid escaping to the surrounding reservoir rock. The
outflow of fracturing fluid causes an increase of proppant concentration
in the slurry, hence an increase of the slurry viscosity, which arguably
increases the risk of forming a jammed area in the fracture. One of the
most widely accepted model to quantify the effect of leak-off on the
slurry flow is Carter’s formula (Howard and Fast, 1957):

e
QL—H

where g is the flux of fracturing fluid that is leaking, t, the start time of
the fracturing fluid escaping into the reservoir zone, and C;, the leak-off
coefficient. The above relation is analytically obtained for a semi-infinite
porous medium, and it only represents an overly simplified estimation in
many practical situations, e.g. near the fracture tip.

Existing leak-off models usually consider 1D permeation orthogonal
to the fracture surface, while the practical leak-off process is more
complex. Wang et al. (2018a) considered leak off in a pressure-sensitive
dual porosity medium, where the proppant distribution in the hydraulic
fracture is determined by integrating a constitutive equation in the
formulation. In a scenario of dual porosity, the results show a substantial
increase in the amount of proppant carried into the hydraulic fracture. It
is also found that decreasing the leak-off rate leads to a wider main
fracture and delays the occurrence of proppant screenout.

Another stage in hydraulic fracturing that directly affects proppant
transport is flowback. Flowback is the clean up stage before the hy-
drocarbon production, and it is governed by the fracture width, the
hydrodynamic gradient and the closure stress of the system (Andrews
and Kjorholt, 1998). Ideally, one would hope only the fracture fluid
flows back so that proppant pack remains intact (Dogon and Golombok,
2016), but it is common to also have proppants coming out as well
(McLennan et al., 2008), causing such unwanted consequences as frac-
ture closing and tapering out near the wellbore. Dogon and Golombok
(2016) highlighted how fracturing fluid must be selected carefully since
it should display two conflicting rheological characteristics: high car-
rying capacity for the placement phase of proppants and low carrying
capacity during the succeeding flowback phase. A viscoelastic fluid was
tested in (Dogon and Golombok, 2016) and the authors suggested that
flow-induced viscoelasticity can be used for proppant placement and
flow back without the need to add modifying chemicals. However,

27)
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chemicals are still being adopted by the industry, bringing the discussion
about environmental issues.

Tip screenout is a technique commonly used to increase fracture
conductivity, where the slurry is injected at high pressure and high
proppant load close to the fracture tip (Economides and Nolte, 2000).
However, in practice, pack formation from tip screenout sometimes
occurs at a wrong time, ending up at an unwanted position (Chekhonin
and Levonyan, 2012). A pack formation in an inconvenient location can
lead to a bad proppant disposition, affecting the final fracture state
(Dontsov and Peirce, 2015).

3. Proppant transport modelling

Proppant transport modelling is a critical part of hydraulic fracturing
simulators, especially in commercial software for hydraulic fracturing
design. The ability to accurately predict the proppant distribution
throughout the hydraulic fracturing process is significant for the design
and planning of a successful fracturing treatment. Characterized by the
mixing of carrier fluid and proppant particles, the slurry flow can be
investigated using multiphase flow simulation. Both Eulerian-Eulerian
and Eulerian-Lagrangian schemes have been used for proppant trans-
port modelling, and they are reviewed in § 3.1 and § 3.2, respectively.

3.1. Proppant transport modelling with Eulerian-Eulerian scheme

Using Eulerian-Eulerian scheme, fracturing fluid and proppant par-
ticles are treated as interpenetrating continua, and a volume in space can
be occupied by both phases at the same time. Thus, the volume fraction,
a continuous function of space and time, is introduced to represent how
much space is occupied by each phase at any given time. For instance, in
a two-phase solid-liquid mixture, there are two volume fractions, one for
the solid phase and the other for the liquid phase, while all volume
fractions add up to one. Both the fluid flow and particle movement are
described by the evolution of corresponding volume fraction.

Compared to Eulerian-Lagrangian scheme, Eulerian-Eulerian scheme
is often easier to implement and has a lower computational cost.
Therefore, it has been extensively used for proppant transport modelling
since the beginning of the development of hydraulic fracturing simula-
tors. The governing equations are also easily coupled with the rock
deformation and fracture propagation. There are two main types of
Eulerian-Eulerian schemes suitable for proppant transport modelling:
the mixture model and the two-fluid model. The mixture model only
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Fig. 5. Schematic for 2D proppant transport in a 1D flow (Hu et al., 2018b).
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solves one set of Navier-Stokes equations (or the Poiseuille’s law) for the
slurry average, while the two fluid-model solves two sets of Navier-
Stokes equations (or the Poiseuille’s law) for the fluid and proppant
phases separately.

3.1.1. Mixture model with 1D flow

In the hydraulic fracturing simulators that are based on PKN and cell-
based P3D model (Perkins and Kern, 1961; Adachi et al., 2007), the fluid
flow is simplified to be 1D along the direction of fracture propagation
(see Fig. 5). However, with some simplifications and assumptions, the
2D proppant transport phenomena can still be simulated to a large
extent, and they include the horizontal movement with fluid flow, the
proppant settling in each vertical cell, and the formation of proppant
bank.

Due to the cheap computation cost, the 2D proppant transport
modelling in a 1D fluid flow has long been adopted in hydraulic frac-
turing modelling (Rahim and Holditch, 1992; Rahim et al., 1995; Smith
etal., 1997). Hu et al. (2018b) proposed a new model for simulating the
proppant transport in an idealized setup, i.e. a narrow channel formed
by two parallel plates with a constant height. Taking this model as an
example, the 2D proppant transport modelling in 1D fluid flow is briefly
recapped here. As mentioned in § 2.2, the lubrication theory is appli-
cable for fluid flows between narrow fracture surfaces, where the slurry
velocity is expressed as

w? op

vzma (28)

The slurry velocity increases as the proppant bed builds up.
Considering the mass conservation, the slurry velocity (also the hori-
zontal component of the particle velocity) is expressed as

H — Hyqy W 0p

H 124 ox @9

V=V =

where H and Hpq are the height of the fracture and the proppant bed,
respectively. The height of proppant bed Hpq is determined by the rate
of proppant bed build-up H;, and the rate of proppant bed wash-out H,,,
which are related to the settling velocity and slurry velocity above the
bed. In this model, the vertical component of the particle velocity equals
to the settling velocity and is calculated by Eq. (14)

— (30)

Given the particle velocity v,, the proppant concentration in the
domain above the proppant bed is updated according to the continuity
equation for the particle phase:

d(ew)
ot

+V- (cwv,,) =0 (€3]

In each time step, Egs. (29)-(31) are solved iteratively and then the
height of proppant bed is updated according to the slurry velocity and
setting velocity. Details of the algorithm can be found in (Hu et al.,
2018b), which also compares the numerical results with experiments in
the literature demonstrating good agreement.

Dontsov and Peirce (2015) developed a proppant transport model
coupled with a P3D hydraulic fracturing model. Both the proppant
settling and crack-tip screenout are accounted for. The numerical results
show that the particles can reach the fracture tip even without leak-off.
This is because the proppant is concentrated near the centre of the
channel, and therefore gets transported faster than the fracturing fluid.
When leak-off is considered, the proppant reaches the crack tip region
notably faster and forms a plug. Once the plug is developed, only a small
amount of fluid can penetrate the plug, which switches the fracture
growth predominantly to the vertical direction.

This kind of model is also used in the hydraulic fracturing design
software based on the PKN or P3D models, for example, the uncon-
ventional fracture model (UFM) in Kinetix Shale by Schlumberger Ltd.

Journal of Petroleum Science and Engineering 204 (2021) 108753

Well ]

Slurry

Fig. 6. A three-layer proppant transport model in UFM (Badessich et al., 2016).

(Weng et al., 2014). A schematic illustration for the proppant transport
in a fracture network using UFM is shown in Fig. 6.

3.1.2. Mixture model with 2D flow

In the context of hydraulic fracturing, the slurry flows along a frac-
ture (planar or non-planar) with very narrow width, which is governed
by the Poiseuille’s law in Eq. (5). The relationship between the slurry
velocity v and the particle velocity v, is expressed as (Adachi et al,,
2007):

v,=v—(l—c)vup (32)

where vg;, is the slip velocity between the particle and fluid, as discussed
in § 2.3.

Once the particle velocity is determined, the proppant concentration
over the fracture is updated through the continuity equation for the
proppant phase using Eq. (31). The above governing equations Egs. (4),
(5), (31) and (32) describe the key physics behind proppant transport.
The bed formation is naturally simulated since the settling velocity re-
duces to zero due to the significant increase of viscosity when the
proppant concentration approaches to the packing limit (see § 2.5).

The 2D proppant transport model has a high efficiency and can be
easily implemented, which makes it one of the most popular proppant
transport models in hydraulic fracturing simulators since 1980s (Clifton
and Wang, 1988; Ouyang et al., 1997; Adachi et al., 2007). Clifton and
Wang (1988) coupled the proppant transport modelling with the dy-
namic propagation of hydraulic fracture in a PL3D model. The hindered
proppant settling, wall effect, leak-off and temperature effects are all
considered. It is found the high temperature can cause poor proppant
distribution, due to the reduction of the fracturing fluid viscosity. A
similar model was presented in (Adachi et al., 2007).

Roostaei et al. (2018) simulated the proppant transport in two
simplified configurations: rectangular and elliptic fractures with con-
stant fracture length, width and height. The effects of injection rate,
proppant density and size, fluid viscosity on the proppant transport are
investigated. In addition, the impact of convection and proppant set-
tlement on the vertical motion of proppants is investigated. It concludes
that the fluid viscosity has the strongest effect on the proppant settling
while the proppant size and density only have modest effect under
practical conditions.

3.1.3. Two-fluid model with 2D flow

Another popular Eulerian-Eulerian scheme for proppant transport
modelling is the two-fluid model, which models the proppant transport
with two sets of Navier-Stokes equations coupled through an inter-phase
force (Boronin and Osiptsov, 2010, 2014; Gong et al., 2020): one set of
the equations is for the fracturing fluid phase and the other for the
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proppant phase. When the fluid velocity in the direction of fracture
width is assumed to be zero, the lubrication theory is applicable (Mobbs
and Hammond, 2001; Dontsov and Peirce, 2014a; Shiozawa and
McClure, 2016).

Based on the lubrication theory, Pearson (1994) presented a prop-
pant transport model with two sets of governing equations for the fluid
and proppant respectively. A set of two-dimensional variables are ob-
tained by integration of the standard three dimensional equations across
the fracture width and subsequently they are used to describe the sus-
pension transport inside the fracture space. Later, Hammond (1995) and
Mobbs and Hammond (2001) proposed explicit mass flux relations for
the governing equations from (Pearson, 1994).

Proppant transport has also been modelled by using empirical
constitutive relations (Dontsov and Peirce, 2014a), where shear stress
and particle pressure are expressed as functions of proppant concen-
tration (Boyer et al., 2011). An advantage of such approach is the ability
to handle the transition from Poiseulle flow to Darcy flow when prop-
pant concentration increases. Later, the same model was applied to a
complete hydraulic fracturing system (Dontsov and Peirce, 2015), which
considers two classic fracture propagation models with the leak-off
effect.

The proppant transport model developed by Dontsov and Peirce
(2014a) was extended by Shiozawa and McClure (2016) to consider the
fracture closure after injection stops, the vertical gravity-driven motion
of proppant particles, and the tip screenout in a 3D hydraulic fracture.
Their study concludes that an extremely low permeability of the matrix
formation might cause poor proppant distribution, once proppants tend
to settle due to gravity before the fracture closure.

3.2. Eulerian-Lagrangian scheme

Using the Eulerian-Lagrangian approach, the fluid phase is treated as
a continuum solved in Eulerian grids, while the dispersed phase is
treated as discrete particles described by Newton’s law. More mecha-
nisms of proppants movement can be considered by using the Eulerian-
Lagrangian scheme, since it simulates the particle movement more
accurately. Two different Eulerian-Lagrangian schemes have been
applied in proppant transport modelling: Computational Fluid
Dynamics-Discrete Element Method (CFD-DEM) and Multiphase
Particle-in-Cell Method (MP-PIC). In the framework of CFD-DEM, the
proppant particles are individually simulated by DEM, while a group of
particles with the same properties (named parcel) are tracked together
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in the MP-PIC model. The fundamentals of these two Eulerian-
Lagrangian models and their applications in proppant transport
modelling are reviewed in the following subsections.

3.2.1. CFD-DEM

For proppant transport modelling, the coupled approach of CFD-
DEM has received increasing attention (Baldini et al., 2018; Kou et al.,
2018; Suri et al., 2019). As a numerical methodology to solve a group of
interactive moving particles, DEM has been used in a variety of appli-
cations, ranging from crushable soil (Cheng et al., 2003) and rock cut-
ting (Onate and Rojek, 2004) to blood flow (Mountrakis et al., 2014).
The CFD-DEM simulation has been used to investigate fluid-solid
multiphase flow, and can also be applied to model proppant transport
during hydraulic fracturing. The DEM typically uses 2D circular discs (or
3D spheres) to represent discrete particles, which are usually treated as
rigid bodies constantly interacting with each other through collision.

The fluid is still governed by the Navier-Stokes equations. The par-
ticle acceleration is computed by the law of motion

@ &0 =0 g, 33)
ot Py
where Fgq4 is an additional acceleration term (force per unit particle
mass) to account for virtual mass due to the reference-frame rotation
and Brownian force, F 44 is the drag force term per unit of particle mass
relevant to the relative or slip velocity and can be calculated with
different models (Tsuo and Gidaspow, 1990; Suri et al., 2020b; Lu et al.,
2020). The acceleration is assumed to be constant during the present
time-step. A numerical integration then determines the position of each
particle for the following time-step and the cycle repeats, propagating
and transferring energy from particle to particle.

The interaction between particles is computed by using a contact
model based on the small overlap between particles. As shown in Fig. 7,
the necessary condition of two particles being in contact is:

di <ri+r; (34)

where dj is the distance between particle i and j from centre to centre,
and r; and r; are the particle radii.

CFD-DEM has been applied in proppant transport modelling in
simplified configurations of an idealized rectangular fracture geometry
with constant width to investigate the relevant mechanisms. Zhang et al.
(2017b) applied CFD-DEM in simulating the proppant transport in
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Fig. 7. Schematic for CFD-DEM coupling.
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horizontal wells. The commercially-available Particle Flow Code PFC2D
with a coupled CFD-DEM approach is used. The fluid flow is modelled
based on a finite difference solution of the modified Navier-Stokes
equations in a regular finite difference grid, while DEM is used to
simulate particles including the particle-particle and particle-wall in-
teractions. The same model was also applied in simulating the transport
and placement of multi-sized proppants in a hydraulic fracture in ver-
tical wells (Zhang et al., 2017a). A sensitivity study of fluid viscosity,
injection rate, and perforation positions is conducted. Suri et al. (2020b)
performed a parametric study to investigate the effect of variation in
proppant size, fluid viscosity and fracture width on the proppant
transport. It is suggested that smaller proppants can be injected early,
followed by larger proppants to maintain high propping efficiency.
Baldini et al. (2018) investigated the effect of the position of injection
point and proppant injection strategies on the proppant distribution. An
injection point placed close to the bottom of the cell leads to a dune close
to the injection points, and an injection point at the middle or at the top
of the cell leads to a rather flat dune. Injecting different proppant types
in different orders yields distinctive proppant distributions. Through
CFD-DEM simulation, Lu et al. (2020) concluded that high-viscosity
fracturing fluid and low-density proppant should be pumped first to
increase the distance of proppant placement and increase the effective
fracture stimulation area. Thereafter, low-viscosity fracturing fluid and
high-density proppant are pumped to form fractures with high con-
ductivity in the near-well zone, effectively improving the condition of
the near-well zone.

Some other variations of the simplified configurations have been
designed to investigate specific mechanisms. Kou et al. (2018) investi-
gated the proppant transport in vertical and inclined hydraulic fractures
with CFD-DEM. The DEM simulation is performed through an open
source C++ simulator parallelized with MPI and CUDA. Using the par-
allelized code and high performance computing facilities, large-scale
simulations involving realistic fluid injection velocities much larger
than that in laboratory experiments are conducted. It is found that
proppants settle slower in inclined fractures. Wang et al. (2019)
computed the proppant transport in idealized fracture networks
considering the aperture difference, the orientation of branch fractures
and the leak-off in fracture tips. The numerical simulations show that the
small angle between main hydraulic fracture and branches and the big
branch aperture are advantageous to the proppant particles getting into
the branch.

An upscaling CFD-DEM was developed by Zeng et al. (2016) and was
applied in modelling the proppant transport in a PKN hydraulic frac-
turing model. As modelling every individual particle is time consuming,
the representative particle method is therefore adopted. It is concluded
that viscous fluid tends to carry the proppant further, and also the lighter
the proppant the further it is transported.

Blyton et al. (2015, 2018) incorporated the CFD-DEM model with a
PL3D hydraulic fracturing model to simulate the proppant transport
along with dynamic fracture propagation. The open source CFD library
OpenFoam (Open Source Field Operation and Manipulation) is used to
solve the fluid flow field. It is found that the average proppant phase
velocity is generally lower than the average fluid phase velocity with a
reduction in velocity linearly proportional to the volumetric concen-
tration of proppant. The average proppant settling velocity may be
larger or smaller than that predicted by Stokes’ law, with additional
dependencies on proppant diameter to slot width, concentration and
Reynold’s number. The combination of slower proppant transport and
potentially faster settling leads to a marked reduction in propped frac-
ture lengths, compared to the predictions made with simplified proppant
transport assumptions commonly used in industry.

CFD-DEM has also been applied in modelling proppant transport in
multiple perforation clusters by incorporating with a hydraulic fracture
model that supports simultaneous propagation of multiple planar frac-
tures (Wu et al., 2017). Several observations are made from the nu-
merical results: (1) the proppant concentration in the slurry increases as

Journal of Petroleum Science and Engineering 204 (2021) 108753

the slurry flows from the heel side to the toe side; (2) the slurry con-
centration can be several times higher than the injected proppant con-
centration at the toe cluster; (3) the stress shadow effect from fractures
of previous stage suppresses fracture propagation from the toe-side
clusters, which promotes a heel biased fluid distribution.

Tomac and Gutierrez (2015) improved the CFD-DEM interaction by
incorporating fluid lubrication with particle-particle collision, and
studied the fluid lubrication as an agglomeration mechanism. The study
investigates whether the existing proppant relations are useful for nar-
row fracture zones and under which conditions they could be accept-
able. It is found that the existing relationships are not appropriate for
fracture zones containing particle volumetric greater than 0.2 and the
fluid viscosity also could not be higher than 0.005 Pa-s. CFD-DEM has
also been applied in simulating the permeability of proppant pack with
different types of proppant particles (Kulkarni and Ochoa, 2012, 2017).
Basu et al. (2014); Suri et al. (2020b) compared the CFD-DEM and the
two-fluid models for proppant transport simulation with the same con-
figurations, and several observations are made in relation to the simu-
lation efficiency and accuracy.

3.2.2. MP-PIC

MP-PIC (Tsai et al., 2012; Zeng et al., 2019; Siddhamshetty et al.,
2020) is another kind of Eulerian-Lagrangian model for modelling
proppant transport. The main difference between the CFD-DEM model
and the MP-PIC model is how to deal with the dispersed phase (i.e.
proppant particles) (Siddhamshetty et al., 2020). In CFD-DEM models,
each individual particle is individually simulated such that the velocity
and position of every particle are calculated by integrating the forces
acting on them over time. The CFD-DEM model captures the proppant
transport at relatively small scales, but is difficult to be applied in
field-scale simulations due to the extremely high computational cost. In
MP-PIC models, the dispersed phase is approximated by many parcels,
and each parcel contains a group of proppant particles (see Fig. 8).
Because of these characteristics, MP-PIC models are able to capture the
important features of proppant transport in field-scale geometries at a
greatly reduced computational cost.

The dynamics of the particle phase in the MP-PIC method are
described by a particle probability distribution function ¢(xp, vp, ), Vp,
t) where xp, v, pp» and V, are the particle position, velocity, density, and
volume, respectively. The time evolution of function ¢ is obtained by
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Fig. 8. Schematic for parcels with different sizes in the MP-PIC model (Sid-
dhamshetty et al., 2020).
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solving the following equation (Zeng et al., 2019; Siddhamshetty et al.,
2020):

0
a—‘t”+ Ve, - (@v,) + Y, - (9A) =0 (35)
dv, 1 1
=—Lt=pD,(vf—v,) ——Vp+g——Vr (36)
dt p( f p) ?, o, P

where V,, and V,, are the spatial and velocity divergence operator, 4 is
the proppant parcel acceleration, 7, is the inter-particle stress, D, is the
drag coefficient expressed as (Siddhamshetty et al., 2020)
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Although the MP-PIC approach has been widely adopted in other
particulate systems (e.g. (Gupta et al., 2021)), its application to prop-
pant transport modelling is still limited. The capacity of MP-PIC in
simulating proppant transport was first demonstrated by Tsai et al.
(2012) in a 3D highly idealized fracture geometry. Zeng et al. (2019)
simulated the proppant transport in large-scale propagating fractures by
coupling the MP-PIC for proppant transport modelling and PKN model
for fracture propagation. The Lagrangian feature of the MP-PIC model
supports simulating the transport of proppants with multi-densities
and/or multi-sizes. It is found that MP-PIC performs similar to the
CFD-DEM but has a lower computational cost and reaches a good bal-
ance in the trade-off of computational cost and accuracy. A 3D MP-PIC
model was applied in simulating the multi-size proppant transport in a
field-scale geometry (Siddhamshetty et al., 2020). The study shows that
pumping schedules significantly affects props fracture surface area and
average fracture conductivity, thereby influencing shale gas production.

3.3. Summary of proppant transport models

The numerical models in Eulerian-Eulerian scheme (§ 3.1) and the
Eulerian-Lagrangian scheme (§ 3.2) are summarized and compared in
Table 1. The Eulerian-Eulerian scheme has been extensively used in

Table 1
Summary of numerical models for proppant transport.
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proppant transport modelling in commercial software for hydraulic
fracturing design, while till now the Eulerian-Lagrangian scheme has
mostly been used in academic studies with few applications in modelling
field-scale proppant transport. Among different Eulerian-Eulerian
schemes, the mixture model is most popular thanks to its high effi-
ciency, good stability and easy implementation. The two-fluid model has
a higher accuracy than the mixture model. However, neither of them can
capture the high-resolution interaction between particles, which is the
main advantage of the Eulerian-Lagrangian schemes. A common draw-
back of the Eulerian-Lagrangian approach is the high computational
cost. Also, when the particle deposition approaches the packing limit, it
is very difficult to maintain a stable simulation. The recent advances
show the possibility of simulating the field-scale proppant transport with
the Eulerian-Lagrangian scheme (Zeng et al., 2019).

4. Conclusions and recommendations for future work
4.1. Conclusions

Proppant injection after opening a hydraulic fracture is crucial to
increase formation permeability and thereby improve production in
unconventional reservoirs. Thus, for both planning and operational
purposes, it is important to understand the proppant transport inside
hydraulic fractures as accurately as possible. Due to the technical diffi-
culties and high cost associated with in situ measurement and real-time
monitoring, computer simulation is recognized as the most promising
approach to provide a reliable and detailed understanding for proppant
transport. Hence, to promote the research progress, we present a state-
of-the-art review on proppant transport modelling, and to our knowl-
edge this is the first dedicated review on the topic. Some main remarks
on the literature are summarized below.

The Eulerian-Eulerian scheme is widely used for the simulation of
proppant transport, especially when coupled with fracture propagation.
The Eulerian-Eulerian scheme has a higher efficiency and is easier to
implement than the Eulerian-Lagrangian scheme. The mixture model
solves a single Navier-Stokes equation (or Poiseuille’s law) with respect
to the slurry average and the computational cost is essentially at the
same level as the single phase fluid flow. Both horizontal movement and
vertical settling can be modelled with the mixture model no matter the
fluid flow in the hydraulic fracturing model is 1D or 2D. The mixture
model for 1D flow has been coupled with the PKN and P3D hydraulic
fracturing models while the mixture model for 2D flow has been
incorporated with the PL3D model. Another type of the Eulerian-

Scheme  Model Fluid- Particle-particle Advantages Disadvantages Applications in different fracture
particle interaction & models
interaction packing

Eu-Eu Mixture One way Equilibrium High efficiency and easy Inaccuracy and lack of physical Simplified model* (Hu et al.,
model 1D coupled proppant bank implementation mechanisms; Applicability to only 2018b), PKN model (Kong et al.,
flow height low load of particles 2015; Wang et al., 2018b), P3D

model (Rahim and Holditch, 1992)

Mixture Two way Modified settling ~ High efficiency and easy Inaccuracy and lack of physical Simplified model (Roostaei et al.,
model 2D coupled velocity implementation mechanisms; Applicability to only 2018), PL3D mode (Adachi et al.,
flow low load of particles 2007; Clifton and Wang, 1988)
Two-fluid Two way Modified settling ~ Higher accuracy than mixture Higher computational cost and lower ~ Simplified model (Boronin and
model 2D coupled velocity model computational stability Osiptsov, 2014) DFN (Shiozawa
flow and McClure, 2016)

Eu-La CFD-DEM Two way Fully resolved Highest accuracy in capturing fluid-  Very high computational cost for Simplified model (Wang et al.,
2D flow coupled particle and particle-particle field-scale problems; Difficulty in 2019), PL3D model (Blyton et al.,

interaction; Applicability to case of  coupling with dynamic fracture 2015, 2018)
high volume fraction of particle propagation and complex fracture
geometry

MP-PIC 2D Two way Particle stress Good balance on time cost and Difficulty in coupling with dynamic Simplified model (Siddhamshetty
flow coupled model accuracy fracture propagation and complex et al., 2020) PKN model (Zeng

fracture geometry et al., 2019)

Note: the simplified model* has an idealized rectangular fracture geometry with constant width.
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Eulerian scheme is the two-fluid model which solves two sets of Navier-
Stokes equations (or Poiseuille’s law) for the fracturing fluid and prop-
pant particles respectively. It has a higher computational cost but also
higher accuracy than the mixture model. The two-fluid model has been
applied in modelling the proppant transport in the simplified model and
the DFN model.

The Eulerian-Lagrangian scheme is an emerging approach for
modelling proppant transport in recent years. It treats the fracturing
fluid as a continuum governed by the Navier-Stokes equations (or
Poiseuille’s law) and the proppants as discrete particles following
Newton’s law. The two Eulerian-Lagrangian schemes applied in prop-
pant transport modelling are CFD-DEM and MP-PIC. The CFD-DEM
model tracks individual particles while the MP-PIC tracks a parcel of
particles with the same property. Therefore, the MP-PIC model has a
lower computational cost than the CFD-DEM model but both of the two
are much more expensive than the Eulerian-Eulerian approaches. The
high computational cost of the Eulerian-Lagrangian limits its application
in field-scale modelling of proppant transport. The advantage of the
Eulerian-Lagrangian scheme is also obvious: it provides the highest
possible modelling resolution for the behaviour of proppant particles.
With the increase of computing power, the coupling between the
Eulerian-Lagrangian scheme for proppant transport and the simulation
of hydraulic fracture propagation has emerged.

4.2. Recommendations for future work

As discussed above, traditional numerical approaches for simulation
of multiphase flow as well as other specifically designed simplified
models have been applied in proppant transport modelling. Despite the
extensive research works and the great success, further research in the
following directions are still needed in order to address the drawbacks
and limitations in current models.

e As demonstrated in literature (Blyton et al., 2015), the widely used
simplified numerical models for proppant transport in hydraulic
fracturing are often found to over-predict propped or effective frac-
ture lengths. The further development and application of
Eulerian-Lagrangian models (e.g. MP-PIC) is encouraging (Zeng
et al., 2019). However, the efficiency of the program still needs to be
improved to target field-scale simulation with realistic fracture
geometry.

e The sensitivity study and design of injection strategy needs to be

conducted through proppant transport modelling coupled with dy-

namic fracture propagation instead of idealized configurations with
constant height, width and length.

The proppant transport modelling in current hydraulic fracturing

simulators mostly consider the basic physical processes such as

convection and settling, but is not comprehensive enough to capture
all key mechanisms relevant to proppant transport.

Subsurface detection technique for tracking proppants (Palisch et al.,

2017) can be used for calibrating the proppant transport modelling

in field problems.
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