SURI, Y., ISLAM, S.Z. and HOSSAIN, M. 2020. Proppant transport in dynamically propagating hydraulic fractures using
CFD-XFEM approach. International journal of rock mechanics and mining sciences [online], 131, article ID 104356.
Available from: https://doi.org/10.1016/].ijrmms.2020.104356.

Proppant transport in dynamically propagating
hydraulic fractures using CFD-XFEM approach.

SURI, Y., ISLAM, S.Z. and HOSSAIN, M.

2020

O\p-e?Al R This document was downloaded from @ ® @ @
https://openair.rgu.ac.uk
@RGU


https://doi.org/10.1016/j.ijrmms.2020.104356

OooNOTUPhWN

43

Proppant transport in dynamically propagating hydraulic fractures
using CFD-XFEM approach

Yatin Suri, Sheikh Zahidul Islam*, and Mamdud Hossain
School of Engineering, Robert Gordon University, Aberdeen, AB10 7GJ, UK
*Corresponding author. Email: s.z.islam1@rgu.ac.uk
Phone: +44(0)1224 262319
Fax: +44(0)1224 262444

Abstract

Numerically modelling the fluid flow with proppant transport and fracture propagation together
are one of the significant technical challenges in hydraulic fracturing of unconventional
hydrocarbon reservoirs. The existing models either model the proppant transport physics in
static predefined fracture geometry or account for the analytical models for defining the fracture
propagation. Furthermore, the fluid leak-off effects are usually neglected in the hydrodynamics
of proppant transport in the existing models. In the present paper, a dynamic and integrated
numerical model is determined that uses computational fluid dynamics (CFD) technique to
model the fluid flow with proppant transport and Extended finite element method (XFEM) to
model the fracture propagation. The results of fracture propagation were validated with the real
field results and analytical models, and the results of proppant transport are validated with the
experimental results. The integrated model is then used to comprehensively investigate the
hydrodynamical properties that directly affect the near-wellbore stress and proppant
distribution inside the fracture. The model can accurately model the proppant physics and also
propose a solution to a frequent challenge faced in the petroleum industry of fracture tip screen
out. Thus, using the current model allows the petroleum engineers to design the hydraulic
fracturing operation successfully, model simultaneously fracture propagation and fluid flow
with proppant transport and gain confidence by tracking the distribution of proppants inside the
fracture accurately.

Keywords
Hydraulic fracturing, XFEM-based cohesive law, Computational Fluid Dynamics, Proppant
transport; Fluid leak-off; Fracture propagation; Fracture tip screen-out

Highlights
e Proppant transport model with fluid leak-off and dynamic fracture propagation
e Fluid flow modelled using CFD-DEM hybrid model and propagation using XFEM
model
e Results validated with real field data, analytical model and experimental study
e Effect of injection rate, fluid viscosity and leak-off rate investigated
e Investigated the parameters to mitigate fracture tip screen-out

Graphical abstract
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1. Introduction

Hydraulic fracturing consists of four main processes: (1) the fracture initiation; (2) the fluid
flow within the fracture; (3) the fracture growth or propagation; (4) the fluid leak-off from the
fracture into the rock formation.! Linear elasticity is usually used to model fracture initiation;
Lubrication theory is used to account for the fluid within the fracture; linear elastic fracture
mechanics theory is adopted as the propagation law, and diffusion of fracturing fluid is used to
account for fluid leak-off in the rock formation.

The first theoretical mathematical models of hydraulic fracturing were developed in the 1950s.
The two main models developed with the assumption of constant height were: the
Khristianovic-Geertsma-de Klerk (KGD) model®* and the Perkins-Kern-Nordgren (PKN)
model.** KGD model is based on the assumption that width of the fracture is a function of
length, the fracture is rectangular in shape and best suited for fractures whose height is much
greater than its length®* whereas PKN model assumes the width of fracture is a function of
height; fracture is elliptical and is applicable when fracture length is much larger than the
height.>¢ In addition, Yew and Weng’ explained that under uniform in-situ stress distribution,
the hydraulic fracture is circular, and it can be characterised by KGD model. In contrast, under
large and variable in-situ stress distribution, the hydraulic fracture becomes elongated and net
wellbore pressure increases, this can be modelled by PKN model.

Simonson et al.® developed Pseudo-3D (P3D) models based on PKN model to account for
variation in height and examine the fracture propagation. The major difference between the
P3D and the 2D models is the addition of a vertical in-situ stress profile and corresponding fluid
flow component. P3D models can further be sub categorised into two main groups: Firstly, cell-
based models proposed by Fung et al.” who extended the work of Simonson et al.® to multi-
layer cases and divided fracture into several discrete and independent cells in the horizontal
direction. The model is very reasonable in the central region of the fracture; however, it
overestimates the magnitude of fluid pressure along the tip region of the fracture and cannot
give an accurate description of pressure distribution in fracture. Furthermore, lumped models
proposed by Cleary et al.'® which assumes a fractured front consists of two half ellipses
combined. However, Johnson and Greenstreet!! explained that these models cannot model
excess leak off behaviour and cannot simulate fracturing with arbitrary shape. Thus, Planar3D
(PL3D) models have been proposed by Advani et al.'? that assumes the arbitrary shape of
hydraulic fracture in a multilayered formation. In PL3D models, the fractures can be simulated
using two approaches: fixed rectangular mesh!® using Green's function and moving triangular
mesh'2. However, Carter et al.'* explained that PL3D model could not simulate out of plane
fractures and deviated wellbore condition and thus, the fully 3D model is required to simulate
the hydraulic fracturing process.

Barree and Conway'’ developed a numerical simulation tool called GOHFER to improve the
accuracy of the description of slurry transport and couple it with fracture propagation. However,
for the proppant transport, the effect of concentration effects was included, and the effect of
wall and inertia was neglected. Further, to couple the fracture propagation and fluid flow the
analytical results of fracture width and pressure was used. Some of the simulation studies based
on GOHFER!'*!® also has the same limitation. Behr et al.'” and Shaoul et al.?° further developed
the work and proposed an approximate model integrating the fracture propagation and reservoir
simulation, by importing the propped-fracture geometry in the commercial reservoir simulator.
However, only the uniform proppant distribution is assumed in the analysis, and the dynamic
effects of proppant transport and distribution were neglected in the modelling. Adachi et al.?
developed a numerical simulation model for hydraulic fracturing. However, in their work, the
proppant settling was assumed to be predominantly by gravity-based. In the absence of gravity,
it was assumed that the fluid and proppant would transport with the same velocity. Further, to
couple the fracture propagation and fluid flow the analytical results of fracture width and
pressure was used. Frichauf?' in his research, developed a hydraulic fracturing model that
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couple fluid flow and proppant transport. However, the fracture geometry was modelled using
analytical PKN model.

To simulate the 3D real-time fracturing process, Chen et al.! proposed a cohesive element
method. Unlike classical fracture mechanics, this model avoids the singularity problems in a
crack tip by using traction-separation law. It is implemented by the Finite Element Method
(FEM) and pre-assumes a fracture zone. In contrast, Zhang et al.?? suggested that this method
cannot predict the fracture orientation under complex stress condition, for example-
reorientation, because pre-installing cohesive elements predefine the fracture path. To improve
the method with less simulation cost, Zhou and Hou? introduced an approach to firstly,
categorise the elements into three groups: completely fractured, fracture front, unfractured
element. Secondly, weighted fluid pressure was calculated using fracture pressure of
completely fractured elements and the pore pressure of unfractured elements. Contrastingly,
this method estimated less accurate fracture profile, permeability and stress variation. To
simulate the interfacial attributes, Fu et al.?*, introduced a coupled model to capture nonlinear
interfacial interactions and model the permeability variation. In addition, Finite Volume
Method (FVM) together with FEM modelling, was used to simulate fluid flow reservoir
deformation. The main challenge in this method is that the crack could only grow along element
edges. Ribeiro® extended the work of Friehauf?! and used the adaptive remeshing technique,
but proposed the model only for the fully elastic medium and neglected the plastic deformations
in the medium. Recently, Wu?, developed a hydraulic fracture propagation model from a
horizontal wellbore in a naturally fractured reservoir. The model integrated rock mechanics
using Displacement Discontinuity Method (DDM) with fluid mechanics using lubrication
theory. However, it does not incorporate proppant distribution in complex fracture networks
and assumes a constant height of fractures.

Some other methods to simulate hydraulic fracturing process include the eXtended Finite
Element Method (XFEM), and Discrete Element Method (DEM). Taleghani and Olson?’ used
XFEM to study fracture initiation, propagation and interactions between a growing hydraulic
fracture and the surrounding natural fracture. Keshavarzi and Mohammadi®® extended this work
to study the effects of intersection angles between hydraulic fractures and natural fractures. The
Finite Element Method (FEM) is extensively used in fracture mechanics to model fracture
propagation. However, due to remeshing required at every time step, the FEM is
computationally expensive.”? To overcome this shortcoming of FEM, an improved method
Extended Finite Element Method (XFEM) is proposed and used by many researchers
recently.?’2%% In the XFEM, no re-meshing is required during fracture propagation, and
additional enriched degrees of freedom are introduced to model the fracture.**3¢ In the current
research work, the XFEM was used to model the fracture propagation in unconventional
hydrocarbon reservoirs, and it is dynamically coupled with the fluid flow and proppant transport
model. Sousani et al.*” modelled the hydraulic fracturing process using the discrete element
method (DEM) and studied the effect of fracture angle on stress and crack propagation. It was
shown that with the variation in fracture angle, it results in a change in the internal stress pattern
of the model. However, the capillary effects were neglected, and isotropic stress condition was
assumed, which become essential as fluid flows further away from the wellbore. Additionally,
to simulate the DEM to field scale, the simulation cost is very high.

In the existing coupled fluid flow and fracture models, the fluid flow and proppant transport are
usually modelled by two-component, interpenetrating continuum, meaning the flow governing
equations are specific to the mixture, which cannot provide the accurate description of the
particle physics in the slurry flow. Secondly, the effect of fracturing fluid leaking from the
fracture-matrix interface on proppant distribution is neglected. Moreover, lastly, in most of the
studies, the geometry of the fracture propagation is assumed from the analytical modelling
techniques. However, in the present paper, the proppant transport and fluid flow are modelled
solving the flow governing equation for both the phases individually and the proppant-fluid
interaction is explicitly modelled using Hybrid Model (CFD-DEM).*® The model was then

3



153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

174
175
176
177

178
179

180
181
182

183
184

185
186

integrated to couple the effect of dynamic fracture propagation with the fluid leak-off effects.
The CFD, coupled with XFEM approach, offers the advantage of modelling the fracture
propagation and investigate the accurate fluid flow and proppant concentration distribution,
which may be challenging to obtain experimentally. The proposed three-dimensional integrated
fluid flow, proppant transport and fracture propagation model can accurately model the fluid-
proppant, proppant-proppant and fracture wall interactions with varying fluid, proppants and
geomechanical parameters and fluid leak-off effects.

2. Methodology

A fully coupled 3D hydraulic fracturing simulation involves the coupling of fracture mechanics
that governs the fracture propagation with the fluid flow and proppant transport modelling that
governs the pressure and velocity fields inside the fracture. A cohesive based XFEM technique
is applied to calculate the rock stress, fracture initiation, propagation and rock deformation.
Following that, a CFD method is applied to model the fluid flow and proppant transport
numerically. The key underlying equation describing the cohesive based XFEM and finite
volume based CFD-DEM is explained below.

2.1. Governing equations
The stress inside a poroelastic, isotropic and homogenous medium (Fig. 1) that is saturated with
a single-phase fluid can be described by Eq. (1).3%4

V:-6=0,0onQ
-n=F onlr (1)
6-n=-6-n"=-pnt=pn-,onT.

where o is the stress, F is the external loading, p is the fluid pressure, and n is the normal unit
vector.
The strain-displacement equation and crack opening can be defined by Eq. (2), assuming small
displacements and deformation,
e=Vu+ Vu)H)/20nQ
u=0onTly, )
w=u"-uonl,

where ¢ is the strain, w is the crack opening, and u is the displacement. The linear elastic
constitutive law that governs the behaviour of the formation is described by Eq. (3)

c=D:¢ 3)
where D is the Hooke’s tensor.
According to the linear elastic fracture mechanics, the fracture propagation initiates when the
mode I stress intensity factor Ki becomes equal to the critical stress intensity factor Kic.

Fig. 1. Hydraulic fracture in a porous rock formation®

For an incompressible fracturing fluid, the mass conservation equation for the fluid flow in the
fracture may be expressed as***
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where q is the fluid flux inside the fracture, c;, is the fluid leak-off rate from the fracture to the
surrounding porous medium, and w is the fracture width. The fluid flow in the fracture is
modelled using lubrication theory, given by Poiseuille’s law.
w? dp (5)

qQ=—""-">"

12u 0x
where Z—Z is the pressure gradient, and x is the dynamic fracturing fluid viscosity. Substituting
Eq. (5) into Eq. (4) leads to the governing equation for the fluid flow within the fracture

ow 0/ 0Op (6)
a3 (K5y) Ha =0
The general form of Eq. (6) can be written as
w— VT (kVp) + ¢, =0 (7)

3
where k = 1V;—M is the conductivity.

Eq. (7) can be solved using the following initial and boundary conditions in the hydraulic
fracture,
Gintet = Qo
Wiip = giip = 0 (8)
The equilibrium equation can be written in the weak form as**
sz odQ — fSudeQ SuTtdlr — ( +8uC+TpC+dF + SuC_TpC‘dF> = ©)
FC F;
Where t is the applied traction on the boundary I', b is the body force, Ju and Je are the arbitrary
virtual displacement and strain, related by dg = Sdu with S as a strain operator.**4°
The fluid pressure on the fracture surfaces and the fracture opening displacement is given by
Eq. (10) and Eq. (11) respectively
P =P¢=—Pc=pn =pn; = —png (10)
_nc (uc _uc) orw = ng - (u:_u;) (11)
Thus the equilibrium equation can be written in a simplified weak form as

f 57 6d Q) — f 5uTbdQ — [ suTtdl — | swTpdr =0 (12)

Q Q r: r.

And the fluid flow governing equation within the fracture can be written in the weak form as
J 8pT (w — VI (KVp) + ¢, )dl = 0 (13)
T'¢

Eq. (13) can further be simplified using integration by parts and the above boundary conditions
253940

f 8pTv'vdF+f VT(Sp)kVde+J 8pTc,dl' =0 (14)

c c c

Using the standard (displacement) discretization method, the displacement vector u, fluid
pressure p, and fracture opening displacement w can be approximated as

uxi= ZNuul—N i, 6u ~ N“61
~ (15)

ZZ

= NPp,5p ~ NP&p

;= i, 0w =~ NV

HM= M=

where N, Nip and N}” are shape functlons for nodal displacement (u;), fluid pressure (p;), and
crack opening respectively. Combining Eq. (15), Eq. (12), and Eq. (3) provides a system of
algebraic equations for discrete fracture mechanics described by

Ka—-Qp—-f"= (16)
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Where
K = f BTDBdQO
Q
17
fi= J (NHTbdQ + | (NH)Ttdl an
Q Tt
Q = | (N")TnNPdI

Te
Similarly, combining Eq. (15) and Eq. (14) provides a system of algebraic equations for discrete
fluid dynamics described by

Ci—Hp—-fP=0 (18)
Where
C=Qr = | (NP)TnTNWdI
e
(19)
H = | (VNP)TKVNPAI
Te
P == | ygar
Te
Thus, the discrete governing equations in the matrix form can be written as:
0 Oy(%\, [K -Qi/&\_ (" (20)
e ol)+lo 1) =
c 0l\p 0 HI\p f

The above equations form a finite element approach for a set of the coupled system of fracture
propagation and fluid flow in fracture. The XFEM is adopted to discretize and approximate the
displacement field u, as described in the following section.*

2.2. Extended finite element method (XFEM) approximation

Belytschko and Black*' and Moes et al.** proposed the extended finite element in order to
provide a solution to the mesh-independent fracture propagation model. XFEM uses a partition
of unity technique from the study of Melenk and Babuska*? that extends the conventional FEM
approach and model any discontinuities with special enriched functions. XFEM has several
advantages over traditional techniques, including simulation of fracture propagation along
arbitrary paths independent of the mesh, additional degrees of freedom to model discontinuities
and simpler mesh refinement studies. Additionally, it improves the fracture tip solution by
avoiding re-meshing during the fracture propagation stage. Using the partition of unity
enrichment method, the displacement vector (u) can be described using Eq. (21).4

N 4 _
u= 2 N;(x) [ui + H(x)a; + 2 F; (x)b’i]

i=1 j=1
The special enriched functions consist of two sub-functions: asymptotic element F;(x) and
discontinuous element H(x). The asymptotic element aids in modelling the singularity near
fracture end and the discontinuous element represents the displacement jump near fracture
edges. N;(x) is the shape function with binary values depending upon the node location. The
nodal shape function has a value of one at the node where it is computed and zeroes at other
locations. u; is the displacement that applies to all the nodes and linked to the continuous

21)

element. a; and b’; are the enriched degree of freedom at node and fracture end, respectively.
The discontinuous jump function and the asymptotic function can be defined by Eq. (22) and
Eq. (23) respectively.3%#
1 if(x—x").n=0 (22)
H(x) =
() {—1 otherwise

0 0 ] 6 2
Fi(x) = [\/F sinz, Jr cosz, \r sinf sinz,\/? siné cos E] (23)
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Where x and x* are the sample point and the closest point on the crack from the sample point
respectively, n is the normal unit vector at x*, » and @ are the polar coordinates with the origin

located at the fracture tip (Fig. 2).
n (ﬁj' X

> T fr g «S
Crack tip_ \Q)/
n —
. - x*

Fig. 2. Tllustration of the definition of special enriched functions**

One of the significant advantages of the XFEM method over conventional fracture propagation
modelling techniques is the description of the fracture. As stated earlier, XFEM aids in fracture
propagation by avoiding re-meshing at each time step and thus is computationally attractive
technique. Two important fracture propagation modelling techniques incorporated in the
XFEM includes a level set method and phantom nodes. The level set method, proposed by
Osher and Sethian®, is used by XFEM to track the fracture interface and shape. The level set
method assumes that two distance functions are required to describe fracture propagation.
These distance functions are updated at each iterative time step and represented by @ and .
The first function, @, refers to the fracture surface, whereas, y refers to the orthogonal fracture
surface. The intersection of the surfaces defined by @ and y gives crack front. The XFEM
fracture modelling mainly relies on the nodal data and is illustrated in Fig. 3.
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Fig. 3. Illustration of the fracture using the level set method (Modified from Chang*®)

Secondly, another important tool used to model the fracture discontinuity is using the phantom
nodes.*” When the formation mesh element is cut through by a fracture, then depending upon
the fracture orientation, the cracked element can be split into two parts (Fig. 4). The phantom
nodes can be assigned to the original nodes to model the discontinuity, and thus, the real nodes
are no longer secured together and are free to separate apart. This method provides an effective
approach for modelling crack growth in solids and provides promising results with mesh
independent solution for a sufficiently refined mesh.***® As the fracture initiates, the fracture
opening is governed by cohesive law until the fracture opening exceeds the cohesive strength
of the element. Following that the phantom nodes and real nodes can separate independently.
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Fig. 4. Illustration of phantom node method

2.3. Cohesive zone method

To model the fracture propagation in solid material or rocks requires different conditions or
criterion to be defined that governs the advancement of the fracture tip. In fracture mechanics,
the fracture can be analysed based on two fundamental approaches, namely energy criterion
and stress intensity.*® According to the energy criterion approach, fracture propagates when the
energy available for fracture propagation overcomes the material resistance. The material
resistance is commonly given by the critical energy release rate (Gc).** On the other hand, the
stress intensity approach refers to a parameter known as stress intensity factor, commonly
known as Kj that drives fracture propagation. For the linear elastic materials, both the
approaches are equivalent. In Linear Elastic Fracture Mechanics (LEFM), the plastic
deformation behaviour of the fracture tip region is neglected. Thus, LEFM is capable of
modelling the fracture propagation for brittle mode when the Kj is greater than the critical stress
intensity factor (Kic). LEFM provides limitations to model the fracture propagation in quasi-
brittle materials where the plastic deformation is significant. To overcome that a more robust
modelling criterion is required that can model these non-linearities. Barenblatt* proposed a
cohesive zone model that captures the plastic deformation non-linear behaviour. The traction—
separation relationship is used to describe the constitutive behaviour of the cohesive zone that
removes the limitation of singular stress at the fracture tip.”° The cohesive zone model
characterises the cohesive surfaces, which forms when the material elements are pulled apart.
According to the traction—separation relationship, the traction value increases with the
separation of cohesive surfaces until traction reaches a maximum value. Following that the
traction value becomes zero, referring to full separation’! (Fig. 5). The detailed explanation of
the traction—separation law with variables in Fig. 5 can be found in Hogberg.’> The area
enclosed in the traction-separation curve defines the energy required for separation, also known
as critical fracture energy. The maximum nominal stress ratio criteria® are used in the present
study that governs the fracture initiation and can be described by Eq. (25). When the stress
ratios in Eq. (24) becomes unity; it marks the fracture initiation .

<t,> tg t; (24)
Xy (= L
tQ td’t?
The fracture propagation is governed by the amount of degradation in rock stiffness. The
amount of degradation is measured by a scalar variable D whose value range from zero (zero
damage) to unity (full damage).*® Due to the change in the value of degradation factor, D, the
corresponding stress, t, is also affected and can be described using the following expression:

o - { 1-D), =0 (25)
S t, <0
G (26)

S (8% — 87)
where &Y is the initial separation or displacement, &, is the separation at complete failure,
is the maximum separation, t, is the stress in the normal direction, t is the stress in principle
shear direction, and t; is the stress in the second shear direction.

max
Sn
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Conventionally in the oil and gas industry, the hydraulic fracture modelling is based on the
LEFM and assumes only tensile forces for fracture propagation. However, in the formation with
ductile properties, the shear forces can play a dominant role in fracture propagation. Depending
upon the type of load applied, a fracture or crack can be initiated based on the following three
modes. The first type of fracture is called mode I fracture, which is formed mainly due to tensile
forces. The mode II fracture is due to the shear forces under sliding, and mode III fracture is
due to the shear forces under tearing. Therefore, in the current study, a combined effect of
different fracture modes is accounted to outline fracture initiation and propagation criteria.

Traction 4

L) = — — —

Gf

8:(87.6¢) 81(8!,80) Separation
Fig. 5. Traction—separation relationship™
In order to account for the mix mode fracture propagation, the criterion proposed by

Benzeggagh and Kenane®® was used. The fracture energy because of deformation, G can be
described as

C‘shear)n (27)
Gtotal

Where Gy, Gfj, Gij; are the fracture energy due to traction-separation in normal, principle and
second shear directions. Ggpear = G + Gy, and Giotal = Gghear + Gi- This study is based on
the assumption that the results of fracture propagation due to traction separation law are the
same in different modes because of the assumption of isotropic formation. Thus, the variables
Gjj and Gf are independent of 1. The numerical model of fracture propagation proposed in the
literature by researchers 7% use the cohesive zone model, but they require the pre-defined
path definition for crack growth. Thus, the XFEM and cohesive zone method can be combined
to simulate the fracture propagation without defining the predefined paths and avoids the
singularities around the fracture tip.*

G = Gf + (G5 — 60 (

2.4. Governing equations of proppant transport and fluid flow in the fracture

The multiphase flow of fluid with suspended proppants can be numerically modelled using
mainly two methods- Eulerian-Granular method and Eulerian-Langrangian method (or Discrete
Element method). In order to take advantage of both these methods, a hybrid model is used in
the current study that tracks the trajectory of individual proppants using Eulerian-Langrangian
approach with the fluid-proppant and inter-proppant interactions modelled using the kinetic
theory of granular flow (KTGF) from Eulerian-Granular method. The equations describing the
hybrid model for proppant transport used in the current study is explained in detail in our
previous work.*® However, the key governing equations are briefly described as follows.

For an isothermal condition and incompressible fracturing fluid, the mass conservation equation
is given by:

(28)

a e
Pi (a (06} + V. (XiVi) = Sm
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Where p and v is the density and velocity respectively, a denotes the phase volume fraction,

S, denotes the mass source term and subscript i is the type of phase (liquid or solid)
n
(29)

Zai=1

i
The momentum conservation equation for the fluid phase is given by:
(30)

€2))

a - ] = IV
3t (gpivp) + V. (ypiviv)) = —o4Vp + V.7 + oypig + My + Sy

= — —)T 2 —_ T
T = Y (VV] + VV] ) + O(](A] - § ul)V Vll

Where grefers to acceleration due to gravity, M—l,; = Wg denotes the interfacial momentum
exchange between the phases, S, denotes the momentum source term, T is the stress-strain
tensor for the fluid described by Eq. (31), Ajand ; denotes the bulk viscosity and dynamic
viscosity of the fluid, respectively.

The proppant transport can be characterized by evaluating the force balance on the proppant
using the Lagrangian reference frame. The proppant transport governing equations can be
described using Newton's second law of motion by

dv, - - - (32)
m dt = 1:"drag + Fgravitation + Fkrer
dxp (33)
— =V
dt P
The above equations can be re-written in the following form as
dv, —v, glpp—p) = (34)
P 1 P g pp Y
— = + +F
dt T o) KTGF

Where ﬁKTGF, denotes the kinetic theory of granular flow (KTGF) interaction force due to
particle-particle interaction given by-

” 1 35
Fgrer = V.Ts (33)

SFS
Where T; is the proppant phase stress-strain tensor.
Eq. (34) defines the velocity of proppants and Eq. (33) defines the spatial location of the
proppants. The variable T, in Eq. (34) is the relaxation time for particle defined by Eq. (36)
ppdp 24 (36)

= 18 CpRe

I s the drag force per unit particle mass, V| andv_p’ are the fluid and particle velocity

Tr
respectively, p is the fluid viscosity, pand p,are the fluid and particle density
respectively, d, is the particle diameter, and Re is the Reynolds number, defined as
_pdyl7 - 67

i
The drag force in Eq. (32) and the solid stress term for proppant transport in Eq. (35) are
discussed in detail below.
2.4.1 Drag Force Modelling
The drag force is described by the Eq. (38). Numerous drag force models are available for
multiphase flow modelling that differs in the definition of inter-phase momentum exchange
coefficient, K|g or Ksl.

Re

Fdrag = Kis (71 - Vs) (38)
V] — Vq is the relative velocity between the phases. Gidaspow * proposed a drag force model
which provides the flexibility to use it for a wider application range based on the proppant
volume fraction. Gidaspow drag model is used in the present study as described by Eq. (39):
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+1.75—— if 0.2

J oqdz i if ag >

3 agoy|vs — v

lZch‘ s%lVs 1|a1_2'65 if g < 0.2

Where dg is the proppant diameter and Cp is the drag coefficient calculated by Eq. (40).

[1+ 0.15(0y. Reg)%87] if ay. Re < 1000 (40)
Cp = {a;.Reg
0.44 if ). Re > 1000
Where Reg refers to the Reynolds number of the proppant phase and calculated by:
pldslvs - Vl| (41)

Reg = .
1
2.4.2  Stresses Model for the proppant phase
Savage and Jeffrey ' described that the solid stress for the proppant phase, T (in Eq. (35)) is

based on the KTGF model as expressed in Eq. (42)

?s = (_Ps +AsV. us)l + s {[vus + (VIJ'S)T] —%(V. US)T}
Where Agand pg refer to the bulk viscosity and dynamic viscosity of the granular phase
respectively and I is the unit tensor.
2.4.3  Granular Temperature
In KTGF, the velocity fluctuation of the granular phase can be modelled using the granular
temperature as a function of specific kinetic energy. The granular temperature,0g, can be
expressed in Eq. (43).

(42)

1

0, =5(v2) )
Where v is the velocity fluctuation of proppants.

The granular energy transport equation can be described by Eq. (44). The granular temperature
can be calculated by solving the granular energy transport equation. Alternatively, the granular
temperature can be calculated by using an algebraic expression. Van Wachemetal.®? simplified
the granular energy transport equation and proposed an algebraic expression to evaluate the
granular temperature by assuming the steady-state condition and neglecting the convection

and diffusion terms, given by Eq. (45).*8
3

> %(asps(:)s) +V. (asps(':)s)\_/'s] = (=PI +7,): W + V. (ke,VOs) — Yo Py
0= (=PI +7,): V¥ : —yp (45)
Where v, is the granular energy dissipation rate due to an inelastic collision, @,  refers to the
interphase granular energy transfer, o is the volume fraction of proppants, Kg_ is the diffusion
coefficient, and Ps is the solid phase pressure that is a function of the normal force due to
particles motion. Lun et al.®* proposed a correlation for P given by Eq. (46) and the probability
function of inter-particle interaction, go s, described by Eq. (47).
P; = psa0 + 2psa§@s(1 + ess)go,ss (46)
17t (47)

ag \3
8o0,ss — 1-
Us max

where e is the restitution coefficient due to particles collision. ess = 0.9 representing inelastic
collision is used in the present study.*® o max is the maximum packing limit for the particles. In
the present study, a maximum packing limit of 0.63 is used.®

(44)

2.4.4  Granular Shear Viscosity

The granular shear viscosity used in the solid stress model (Eq. (42)) is a combination of the
kinetic viscosity, collisional viscosity and frictional viscosity, as described in Eq. (48)

Hs = Hgkin T Hs,col T Hs,fr (48)
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Gidaspow et al.®*, Gidaspow® and Johnson and Jackson®® models given in Egs. (49), (50) and
(51) respectively are used to calculate the three components of viscosity.*

10psds,/OgT 2 (49)

4
[1 + gasgo,ss(l + ess)]

Hekin T 56t gss (1 + €s5) 1
4 05\2 (50)
Us col = gaspsdsgo,ss(l + ess) (?)
Wsfr = Psesin® (51)
(O(s - O(s,min)n (52)

PSf Fr (as,max - O(s)p

Where psxin, Mscol, and s g are the kinetic, collisional, and frictional viscosity, respectively. 0
and Py are the friction angle and friction pressure, respectively. 0 = 30° is used in the present
study.*® Johnson and Jackson® proposed a model to calculate friction pressure given in Eq.
(52). F,, n, and p are constants and equals 0.1 as, 2, and 5, respectively. o max is the maximum
volume fraction of proppant, also known as packing limit. osmsx = 0.63 is used in the present
study. osmin refers to the minimum volume fraction when the friction becomes dominant
(approximately 0.6).%

2.5. Coupling between XFEM and CFD

An explicit coupling simulation approach is used in the present study to integrate the XFEM
based fracture propagation model with the CFD-DEM based fluid flow and proppant transport
model. Important elements in the current numerical model include the following:

* An XFEM geomechanics solver based on cohesive traction law that models the fracture
propagation based on fracture mechanics, geomechanical stress and reservoir
properties.

* A CFD based solver for modelling proppant transport inside the fracture with fluid
leaking off from the fracture-matrix interface.

Fig. 6 shows the workflow that was followed in the current numerical model. Firstly, the XFEM
model was configured using the available real field reservoir and geomechanical data, as shown
in Table 1. Then the simulation run was performed to model the fracture propagation and get
the fracture geometry which will then be used as a computational domain for the proppant
transport and fluid flow in the CFD solver. The computational domain was discretized, and the
proppant transport and fluid flow analysis were carried out at different time steps with fluid
leak-off from the fracture wall, based on our proposed proppant transport model detailed in Suri
etal.’®. This is an iterative process where the pressure field and fluid leak-off along the fractures
was exchanged at each time step to model the proppant transport in dynamic fracture
propagation, as shown in Fig. 6. The fluid and proppant mixture is injected at the inlet using
velocity inlet boundary condition. To model the fluid leak-off from the fracture wall, a user-
defined function is used to add a source term in the continuity and momentum transport
equations. The amount of fluid leaking off from the fracture wall is obtained from the XFEM
model that was used in the user-defined function. The detailed explanation of the CFD
modelling parameters, boundary conditions and user-defined function can be found in our
previous work.*®
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2.6. Numerical modelling parameters

Proppant transport and distribution were investigated in a hydraulic fracture using the CFD
technique in ANSYS FLUENT. As the fracture propagates with time, the fracture geometry
varies with time steps. The fracture geometry at different time step was imported into the CFD
model from the XFEM model to study proppant transport. A typical fracture geometry or
computational domain at a particular time step is shown in Fig. 7 that illustrates the boundary
condition used in the current study. Firstly, the mesh of the fracture geometry is created so that
it reasonably provides the mesh independent, numerically converged and computationally
efficient solution. The fracturing fluid and proppants were injected together at the inlet with
the volumetric inlet flow rate of 0.0025 m?®/s. The density and viscosity of the fracturing fluid
is assumed as 1000 kg/m* and 1 cP (0.001 Pa-s). The density of proppants assumed is 2650
kg/m?* with proppant size based on 20/40 sand and proppant volume fraction of 0.10. The no-
slip wall condition was used at the top wall, bottom wall and fracture tip, as shown in Fig. 7.
In order to mimic the fluid leak-off into the surrounding porous rock, the fluid leakage effect
is modelled through the fracture sidewalls with the help of a user-defined function (UDF). The
momentum and mass source terms are explicitly defined in the governing transport equations
(Egs. (28) and (30)) through UDF. The underlying equations describing the source terms and
UDF used to model the fluid leak-off is explained in detail in our previous work.*® The fluid
leak-off profile along the fracture length to a surrounding porous medium obtained from the
XFEM model at different time steps is shown in Fig. 8.
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The pressure-based solver with transient state simulation was used to solve the proppant
transport equations. The effect of gravity was included in the simulation. In order to model the
turbulence in the flow, the Shear Stress Transport (SST) k-& model®” was used that blends the
standard k- turbulent model near the wall with the standard k-¢ turbulent model in the free-
stream.®® The simulation time step used was 0.001 s. The phase-coupled SIMPLE algorithm
and the node-based averaging scheme is used as a solution method for pressure-velocity
coupling®®%® and to apply the parcel approach, respectively.”® Lastly, the second-order upwind
scheme was used to discretize and solve the governing equations.

3. Results and discussion
3.1. Validation

The proposed XFEM model in the current study is validated using the two different approaches.
Firstly, using the zero-toughness plane strain analytical model”' and secondly, using the real
field data. The validation using the analytical model is described below, and the validation using
the real field data is described in section 3.1.2.

3.1.1.  Zero toughness plane strain fracture propagation model
The fracture propagation using the XFEM model was compared against the analytical results
from the zero-toughness plane strain model from Adachi’! using the geomechanical properties,
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as shown in Table 1. The solution from plane strain model assumes impermeable elastic
medium with negligible fracture toughness. Adachi ”' proposed the dimensionless variables of
length, fracture width, net fluid pressure and flow rate to derive the zero-toughness solution of
2D hydraulic fracture propagation using the first-order approximation (Eq. (53)). Adachi”!
described that the proposed analytical model could successfully model the asymptotic
behaviour of fracture opening and fluid pressure in the near tip region.

l (53)

— - i ®
QE&()) = AO(]' — EZ)Z/3 + A(ll)(l _ EZ)S/3 + B(l) |:4\/T§2 + Zzzln H— 1[1_22

Where A, A(ll) and B(M are constants, B is the Euler beta function, & is the length scaling

factor. Qfﬁ% is the dimensionless fracture width. The detailed derivation and explanation of the
zero-toughness model can be found in Adachi’! and Adachi and Detournay’?.

The geomechanical and flow properties used in the comparison of current XFEM based
simulation and an analytical model is detailed in Table 1.

Table 1
Geomechanical and flow properties for comparison with an analytical model
Parameter Value
Elastic modulus 30 GPa
Poisson’s ratio 0.3
Stress intensity factor 0.956 MPa.m'?
Fluid viscosity 5.0 Pas
Fluid injection rate 0.001 m®/s

Fig. 9 shows the fracture propagation after 20 s of injection in terms of fracture width or fracture
aperture and fracture half-length. The graph shows a reasonable match with a percentage error
of 2% between the XFEM based numerical model and the zero-toughness analytical model.
The results suggest that the XFEM model can be used for a detailed analysis of fracture
propagation in porous media.
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Fig. 9. Comparison of the current model with an analytical model

3.1.2. Validation using the real field data
In order to study the dynamic fracture propagation with fluid flow and proppant transport, the
real field data was used by Saberhosseini et al.**. The field is located offshore in the Persian
Gulf and consists of a tight limestone oil reservoir. The reservoir and geological properties used
in the current study are detailed in Table 2. A detailed description of geology and reservoir
characteristics can be found in Saberhosseini et al.*.
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Table 2

Reservoir and geological properties
Property Value
Porosity 0.10
Elastic Modulus 27.2 GPa
Permeability 2 mD
Poisson’s ratio 0.22
Fluid viscosity 1cP
Injection flow rate 0.0025 m¥/s

Stress (vertical, maximum horizontal, (47.61 MPa, 54.42 MPa, 40.81 MPa)
minimum horizontal)
Pore pressure 23.43 MPa

The semi-circular reservoir geometry with a diameter of 160 m is used in the current study, as
shown in Fig. 10. The height of the reservoir is assumed as constant 20 m. The perforation or
the initial location of the crack was defined using the XFEM method in Abaqus, as shown in
Fig. 10. The fracturing operation is started with an injection rate of 0.0025 m%/s, and the fluid
injection is maintained for 20 min. The in-situ geological properties and geomechanical stresses
are presented in Table 2. The XFEM model is a conglomerate of cohesive zone material and
porous rock. The cohesive zone material is located at the centre of the computational domain
around the perforation. It is surrounded by porous rock. The fluid is injected at a high injection
rate such that when the fracture propagation criteria are reached, the fracture starts propagating
and the fluid leaks into the surrounding porous rock. With the progression of time, the fracture
is propagated, and the fracture profile is extracted and imported into the CFD module to study
the proppant transport and distribution. The height of the fracture is assumed as constant for
simplicity. The computational domain is discretised, and enriched elements are assigned for
arbitrary fracture propagation based on the in-situ stress. The enriched elements consist of
displacement and pore pressure degrees of freedom that aids in fracture propagation. Uniform
pore pressure and initial stresses are defined based on the real field data shown in Table 2. The
fluid flow and proppant transport are explicitly modelled using CFD technique, and the
proppant distribution with fracture propagation is analysed at different time steps.

The rock geomechanical properties, such as Poisson’s ratio, elastic modulus and rock tensile
strength, play a critical role in the fracture initiation and propagation. Since these are material
properties and are dependent on the characteristics of rock, thus it is a static parameter in the
fracture propagation study. On the contrary, the controllable parameters in the hydraulic
fracturing design are the fluid injection rates, fluid viscosity or fluid rheological properties,
fluid leak-off, and type of proppants. Thus, an improved understanding of the effects of these
parameters along with fluid-proppant interactions, proppant distribution in fracture initiation
and fracture propagation can overcome the challenge of fracturing job failure in the petroleum
industry.

The computational domain was discretised to add the enriched elements, and the mesh is shown
in Fig. 10. The mesh consists of 30,000 elements to accurately capture the fracture propagation.
A very fine mesh is used surrounding the region where the perforation is located, as shown in
the zoomed image of Fig. 10, because the large stress, pressure gradients and displacement are
located there, and to capture the fracture mechanics accurately. As described earlier, the
formation is modelled as a poroelastic material with the key rock mechanical and porous rock
properties shown in Table 2. The traction-separation law is used, which is explained earlier in
the methodology (section 2.3). The hydraulic fracturing fluid is assumed as incompressible with
a viscosity of 1 cP. In order to model the in-situ stress and pore pressure, a geostatic step is used
in Abaqus to achieve a stress equilibrium condition before a hydraulic fracture initiation.
Following that, the fracturing fluid is injected at a sufficiently high rate so that the hydraulic
pressure gradually increases and once the fracture propagation criteria are reached, the fracture
starts propagating.
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Fig. 10. Computational domain and mesh

Next, to ensure the applicability of the proposed numerical model, the results obtained were
compared with the real field data with the reservoir and geological parameters, as described in
Table 2. The fracture initiation pressure from both numerical simulation and the published real
field case results®® were compared. From Fig. 11, the equivalent fracture pressure from the
numerical XFEM simulation using the same parameters as stated in Table 2 is evaluated as
7497 psi or 51.69 MPa. Moreover, the actual fracture pressure from the field after 20 min of
injection time is 7500 psi or 51.02 MPa, as stated in Saberhosseini et al.**. Comparing the
fracture initiation pressure using XFEM method and actual measured value provides the
percentage error of 0.04%, which shows a good agreement. Thus, the current XFEM model can
simulate the fracture mechanics accurately as verified against the zero-toughness analytical
model and with the real field result. This represents that the current XFEM model can accurately
simulate the fracture propagation and can be employed for detail investigation of proppant
transport and fluid flow in dynamic fracture propagation.

POR
+5. 16%+04
#d 7 20a+04
+d 28%a+04

-1.098e+03

Fig. 11. Fracture initiation pressure from XFEM model

3.1.3. Comparison of CFD proppant transport model with the experimental results-
Tong and Mohanty”® performed an experimental study of proppant transport in fracture slots at
different injection rates, which was used to compare the numerical results from the present
hybrid CFD proppant transport model. The experiment consisted of two transparent fracture
slots, as shown in Fig. 12 at different bypass angles. The main fracture slot is called as a primary
fracture slot, and the bypass fracture slot is called as a secondary fracture slot. The dimensions
of the primary fracture slot were 0.381 m x 0.002 m x 0.0762 m in LxWxH, and the secondary
slot were 0.1905 m x 0.002 m x 0.0762 m in LxWxH. The slick water slurry with the suspended
proppants is injected using a progressive cavity pump and sand funnel through the inlet located
at the right end of the main fracture slot, as shown in Fig. 12. The fracturing fluid slurry (water
+ proppants) is injected at the inlet at different flow rates or injection velocities (0.1, 0.2 and
0.3 m/s) and proppant concentration (0.038, 0.019, and 0.013). 20/40 size sand is used as a
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proppant with a density of 2650 kg/m®. Water is used as a fracturing fluid with viscosity 1 cP
and density 1000 kg/m>. The proppant transport was monitored and recorded with cameras as
shown in Fig. 12. The proppant bed deposition after 40 s of injection for different flow rates (or
injection velocities) is compared for both the numerical and experimental results and are shown
in Fig. 13. For quantitative comparison, the fraction of proppant deposited in the secondary
fracture slot over the primary fracture slot was calculated and plotted at different injection
velocities for both, experimental and simulation results, as shown in Fig. 14. The comparison
of results in Fig. 13 and Fig. 14 suggests a reasonable match between the numerical simulation
and experiment with a percentage error of 3.2% and 3% for proppant bed height and length,
respectively.

The results suggest an overall good match between the numerical model and experiment, and
the model can be used for the detailed investigation of the effect of fracture propagation in the
hydrodynamics of proppant transport.
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Fig. 12. Schematic of the proppant transport fracture slot experiment™
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3.2. Results of the base case

A base case fracture propagation simulation using XFEM was run with the parameters in Table
2. The base case simulates a hydraulic fracture propagation from perforation based on the
defined in-situ stress, pore pressure and injection parameters. When the fracture initiation
criteria are met, the fracture propagates in the direction of minimum fracture resistance. The
proposed model provides the fracture propagation at every time step and accounts for the
injection pressure, in-situ stresses, pore pressure distribution, and fracture trajectory. This
information is vital as it has a direct impact on the design and success of hydraulic fracturing
operation.

The fracture geometries at different time step are illustrated in Fig. 15, and the result of the
fracture propagation using XFEM method with time is shown in Table 3. It can be seen from
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Fig. 15 and Table 3 that once the fracture is initiated; the fracture propagates with time and as
a result, the fracture length and fracture width increase. The fracture half-length increases
abruptly towards the beginning as soon as the fracture is created. Subsequently, the fracture
half-length gradually increases depending upon the injection flow rate and fluid leak-off.

Table 3
Fracture propagation at different time steps
Fracture half- Fracture

Time (s) length (m)  width (m)
0 0.25 0

| 1 0.003
2.5 1.94 0.004
5 3 0.0049
7 4.06 0.0055
11 5.125 0.0063
16 6.125 0.0078
21 7.19 0.0085
26 8.25 0.009
30 9.19 0.0095
60 10.2 0.016
1021 30 0.082

Furthermore, to investigate the fluid flow and proppant transport with dynamic fracture
propagation, the fracture profile from the XFEM at different time step and fluid properties were
imported in Fluent and a detailed investigation using CFD proppant transport model was carried
out. It is to be noted that the coupling between XFEM and CFD is achieved at each time step,
only the fracture profile at specified time step is extracted from the XFEM to investigate the
proppant transport within the fracture using CFD. The hybrid model for proppant transport is
described earlier in section 2.4 and also in our previous work® is used for CFD modelling of
proppant transport and distribution. The results from the proppant distribution at different time
steps are shown in Fig. 16. The fracture half-length and fracture width in Fig. 16 at different
time steps correspond to the fracture propagation length and fracture aperture from the XFEM
fracture propagation model, and the height of the fracture is assumed as constant (0.5 m) for
simplicity. It can be noticed in Fig. 16 that as the fluid-proppant mixture or slurry is injected
into the fracture, part of fracturing fluid leak-off from the surrounding fracture wall into the
porous media. The remaining fluid transport the proppant in the slurry into the fracture. Thus,
due to the complex hydrodynamics of proppants, proppant-fluid and inter-proppant interaction,
the proppant deposits away from the wellbore at the fracture bottom and forms a proppant bed.
As the injection time increases, it results in fracture further propagating and increased proppant
distribution into the fracture. Thus, the current study aims to capture this coupled phenomenon,
and the key results obtained from the base case simulation in terms of proppant volume fraction
contour plot is illustrated in Fig. 16.
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Fig. 16. Proppant transport in dynamic fracture propagation at different time steps

In order to investigate in detail, the impact of flow properties in efficient proppant distribution
and successful hydraulic fracturing design, different flow properties were varied. The role of
injection rate, fluid viscosity and leak-off rate constant is analysed in the propagation of fracture
and proppant distribution.

3.3. Fracture propagation as a function of injection rate

One of the most important controllable and yet essential parameters in the geometry of the
fracture and its optimisation is the injection rate during operation. It is well-known that by
increasing the injection rate, the dimensions of the fracture increase. Considering the
overburden and underburden defined as barriers that surround the reservoir, the operation
should be designed as if the mechanical and hydraulic integrity of these two barriers is
guaranteed. The accurate evaluation of width is another critical parameter to the optimal design
of the hydraulic fracturing because it directly dictates the size of proppant and also prevents the
risk of proppant bridging and screenout. Proppants are used so that the induced fracture remains
open and conducive. Moreover, by use of the validated numerical model, the real length of the
induced fracture can be accurately estimated. Knowing this length can help to increase it and
design to pass the disturbed area around the wellbore wall. This disturbed area created after
drilling and applying the drilling fluid can penetrate within the pores around the wellbore wall.
Increasing the length of the fracture to pass this area can enhance the production.

Thus, an investigation was carried out at three different injection rates 0.001 m*/s, 0.0025 m®/s
and 0.005 m?/s to understand the fracture propagation and proppant distribution. The results are
detailed in Table 4. Table 4 shows that with an increase in injection rate from 0.001 m%/s to
0.005 m?/s, the magnitude of fracture width and fracture half-length increases from 7.8 mm to
29 mm and 8 m to 12 m respectively. Therefore, the geometry of the induced fracture strongly
depends on the difference in the injection rate.
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Table 4
Fracture propagation with varying injection rate
Injection rate Injection rate  Fracture Fracture half-
(bbl/min) (m3/s) width (m) length (m)
0.4 0.0010 0.0078 8
1.0 0.0025 0.016 10
1.9 0.0050 0.029 12

Fig. 17 details the comparison of proppant volume fraction at 60 s after injection for three
different injection rates as described in Table 4. It can be interpreted from Fig. 17 that with the
increase in injection rate, due to the higher slurry velocity, it adds more randomness in the flow
which leads to greater proppant suspension ability in the fracturing fluid and consequently
longer proppant transport. To quantitatively compare the results, the proppant volume fraction
is calculated at two different cross-sectional planes located 2 m and 4 m from the inlet and
plotted against the fracture height, as shown in Fig. 18. It can be noted from Fig. 18 that at x=2
m from the inlet higher proppant bed is seen with 0.001 m3/s compared to 0.005 m?/s, due to
more significant amount of proppant depositing near the wellbore having a lower velocity and
ability to suspend in the slurry. On the contrary, at higher injection rate, i.e. 0.005 m?/s, the
proppant is transported to a longer distance, as can be seen in Fig. 18 @x=4 m from the inlet.
This is one of the significant challenges in the oil industry, especially when using slickwater
for hydraulic fracturing in shales. The proppant tends to deposit quickly as soon as they are
injected due to reduced ability of the slickwater to suspend proppants. Thus, the unpropped
section of the fracture closes down resulting in loss of efficiency and production. An effort to
transport the proppant to a longer distance can lead to an improved hydraulic fracturing design.

Another frequently observed phenomenon seen during hydraulic fracturing that can lead to
hydraulic fracturing design failure is that due to the proppant bridging, it can cause a fracture
tip screen out. It means the proppant bed forms a bridge and does not allow the subsequent
proppant injection to transport deeper into the fracture. This further result in an abrupt increase
in pump pressure leading to hydraulic fracturing operation failure. This can be noticed in Fig.
17 and Fig. 18 that with low injection rate, the proppant bridge has started to form and gradually
it will result in fracture tip screen out. One of the parameters that can aid in preventing fracture
tip screen out is by adequately controlling the injection rate.

Similarly, the proppant horizontal transport velocity is plotted with fracture height at 60 s after
injection at 2 m and 4 m from the wellbore. It can be noticed from Fig. 19 that near the wellbore
the velocity profile of the cases qg=0.0025 m?/s and g=0.005 m?/s are relatively similar. On the
contrary, away from the wellbore, while the velocity of the case with g=0.001 m>/s is low, the
case with g=0.005 m?/s still have higher velocity and thus ability to suspend proppant, resulting
in more extended proppant transport. The results suggest that the increase in injection rate aids
in more extended proppant transport by providing additional energy for the proppant suspension
in the slurry.

Injection rate Proppant volume fraction
Proppant velume fraction
0.63

- 0.50

00025 B
RS 0.25

0.00

Fig. 17. Proppant transport with dynamic fracture propagation at a varying injection rate
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Fig. 18. Comparison of proppant distribution against fracture height at two different locations
for varying injection rates
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Fig. 19. Comparison of proppant horizontal velocity against fracture height at two different
locations for varying injection rates

Another innovative approach that can aid in the success of hydraulic fracturing design by
preventing the fracture tip screenout and more extended proppant transport is injecting the
proppants intermittently and controlling the injection rate. It means that if a continuous stream
of proppant is injected with the fracturing fluid, depending upon the fracture height, the
proppant bridge will start developing after some time and will eventually result in fracture tip
screenout. However, if the proppant injection with fracturing fluid is followed by the pad fluid
with no proppant, the pad fluid will carry the proppant located towards the top of proppant bed
and transport it further inside the fracture. This phenomenon can be observed in Fig. 20, where
the proppant suspended in the slurry was injected till the 60 s, and then the pad fluid is injected
with no proppant for another 60 s. This intermittent injection is continued for two cycles, and
the results are compared in Fig. 20. To quantitatively understand the results of intermittent
injection, the proppant distribution is compared against the fracture height at different time
steps located at 2 m and 4 m from the wellbore and shown in Fig. 21. The results from Fig. 20
and Fig. 21 show that when the proppants are injected in the slurry for the first 60 s, the proppant
bridge started to build up in the form of proppant bed. Subsequently, when it is followed by the
injection of pad fluid for the next 60 s, the deposited proppants are transported further long into
the fracture with the pad fluid. This cycle is repeated with the injection of proppants with the
slurry for the next 60 s, and it can be noticed that for 180 s, nearly 60 % of the fracture is
successfully propped. Areal sweep efficiency of proppant distribution can be further improved
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by subsequently following more intermittent injection cycles. This technique of intermittent
injection can significantly improve the proppant distribution, enhance efficiency and fracture
conductivity. The most significant advantage of using the intermittent injection and the
proposed CFD-DEM Hybrid model is that it provides accurate proppant distribution and
improved confidence to the petroleum engineers for a successful hydraulic fracturing design
operation. This technique can help in overcoming the current challenge faced by the petroleum
industry about low operational efficiency due to the unpropped fracture region. The unpropped
region of the fracture closes down after the hydraulic pressure is removed.

Time Proppant volume fraction
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Fig. 20. Proppant distribution at different time steps using intermittent injection.
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Fig. 21. Comparison of proppant distribution against fracture height at two different locations
for intermittent injection at different time steps

3.4. The impact of fracturing fluid viscosity on fracture propagation

The fluid rheology plays a significant role in the proppant suspension during hydraulic
fracturing operation®. Thus, in this section, the impact of fracturing fluid viscosity in fracture
propagation and proppant distribution is studied. The viscosity of fracturing fluid is increased
from 0.1 to 1 and 10 cP, and the results of fracture propagation are shown in Table 5. It can be
interpreted from Table 5 that as viscosity is increased from 0.1 to 10 cP, a significant increase
in fracture opening from 14.5 mm to 18 mm and fracture half-length from 9 m to 11 m is
observed. This can be explained by as the viscosity of the fracturing fluid is increased, it results
in higher wellbore pressure acting on the fracture surface area and consequently greater force
leading to an increase in fracture opening.
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Table 5
Effect of fluid viscosity on fracture propagation
Fluid viscosity Fluid viscosity Fracture Fracture half-
(cP) (Pa.s) width (m) length (m)
0.1 0.0001 0.0145 9
1 0.001 0.016 10
10 0.01 0.018 11

Next, the effect of viscosity was also investigated in terms of proppant distribution and fluid
flow. The results of proppant transport with different viscosities are shown in Fig. 22 in the
form of a contour plot for proppant volume fraction. Fig. 22 shows that fluid viscosity can
substantially influence the proppant transport. The lower viscosity fluid possesses the poor
ability for proppant suspension, and consequently, the proppants are deposited quickly after
injection resulting in the forming of proppant bridge. This further leads to a substantial area of
fracture remaining unpropped and eventually closing down when the hydraulic pressure is
removed. On the contrary, the higher viscosity fracturing fluid due to its better proppant
suspension ability can suspend the proppants for a longer period and thus resulting in more
extended proppant transport inside the fracture.

Fluid viscosity Proppant volume fraction
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Fig. 22. Effect of viscosity on proppant transport

Similar to the analysis of variation in injection rate, proppant volume fraction and proppant
horizontal velocity are computed and compared for different fluid viscosities at 2 m and 4 m
from the wellbore, as shown in Fig. 23, and Fig. 24. Proppant distribution in Fig. 23 can be
categorised into proppant bed and suspended proppants as shown. It can be seen that near the
wellbore (@ 2 m from inlet), low viscosity fluid results in more significant proppant deposition
as confirmed by the proppant bed almost reached the fracture height. This can further lead to a
fracture tip screen out, as discussed earlier. On the contrary, for the high viscosity fluid, the
proppant suspension region is substantially higher, and the proppant bed is minimal compared
to other cases. However, away from the wellbore (@ 4 m from inlet), the low viscosity fluid
has lower proppant bed and no proppant suspension region, as most of the proppant is deposited
near the wellbore, and only a small number of proppants were able to reach this location. For
the higher viscosity fluid, the proppants are still in suspension in good amount and tends to
transport further deep into the fracture. This can be interpreted by the increasing viscous force
contributes greater flow resistance and increases the amount of drag force on suspended
proppants. This promotes the suspension ability of the proppants in the fluid and inhibits
proppant deposition. Similar observations can also be noticed in Fig. 24, where proppant
horizontal velocity was compared for all the cases. Near the wellbore at 2 m from the inlet,
although the low viscosity fracturing fluid possesses higher velocity compared to high viscosity
fluid, it has poor proppant suspension ability and thus away from the wellbore at 4 m from the
inlet, the proppant in lower viscosity fluid lags behind the proppants in higher viscosity fluid.
Thus, the investigation of fluid viscosity on dynamic fracture propagation and proppant
transport suggested that as the fluid viscosity increases it leads to a relatively longer fracture
propagation and improved suspension ability of the proppants, which aids in better proppant
distribution in the fracture domain. Correctly modelling the proppant distribution using the
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proposed model in an optimal fluid viscosity can help petroleum engineers to track the proppant
distribution correctly and improve the hydraulic fracturing design.
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Fig. 24. Effect of fluid viscosity on proppant horizontal velocity
3.5. Influence of leak-off coefficient

In the oil and gas industry, it is widely recognised that the amount of fluid leak-off can
significantly influence the hydraulic fracturing operation. However, to the best of our
knowledge, no reported studies have investigated the impact of fluid leakage from the fracture-
matrix interface to surrounding porous rock in proppant distribution and fracture complexity.
To analyse the dynamic effects of fluid leakage in proppant distribution and fracture
propagation, the fluid leak-off rate constant was varied from 5.0e-11 m/kPa.s to 5.0e-9 m/kPa.s.
Fig. 25 shows the amount of fluid leakage for an increase in the non-dimensional fracture length
with different leak-off constant and Fig. 26 shows the fluid leak-off profile as the fracture
propagates with different time steps. The results show that as the leak-off rate increases, more
fluid seeps into the surrounding porous reservoir. Moreover, the maximum amount of injected
fluid is lost in the reservoir within the 15-30% of fracture length. This directly affects the
proppant suspension ability and increases the rate of proppant deposition.

The fluid leaks-off from the fracture wall to the surrounding porous rock, leaving the proppants
in the slurry and thus most of the proppants deposits at the fracture bottom leading to poor
distribution of proppant away from the wellbore. Thus, modelling dynamic fluid leak-off in the
proppant transport physics is crucial for the accurate prediction of proppant distribution and
successful hydraulic fracturing design. The results from the net fracture width and fracture half-
length observed by varying the leak-off rates are reported in Table 6. Table 6 shows that as the

27



847
848
849
850
851
852
853
854
855

856

857
858

859
860

861
862
863
864
865
866

amount of leak-off increases from 5.0e-11 m/kPa.s to 5.0e-9 m/kPa.s, it results in substantial
lower fracture width from 18 mm to 10 mm and a relatively gradual reduction in fracture half-
length from 11 m to 9.8 m. This can be explained by as the fluid leak-off increases from the
fracture surface, and it results in significantly lower pressure acting on the fracture wall that
facilitates fracture propagation acting against the minimum principal stress. This consequently
leads to lower fracture width.

Table 6
Fracture propagation with different leak-off coefficient
Leakoff constant Fracture width  Fracture half
(m/kPa.s) (m) length (m)
5e-9 0.01 9.8
5e-10 0.016 10
Se-11 0.018 11
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Fig. 25. Fluid leak-off profile along fracture length with the different leak-off coefficients
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Fig. 26. Fluid leak-off profile along fracture length at different time step

Next, the proppant distribution is investigated inside the fracture with varying leak-off rates.
Fluid leakage from fracture-rock matrix interface characterises a pivotal role in the proppant
suspension during hydraulic fracturing. As the fracturing fluid slurry enters into the fracture
domain, the fracturing fluid leaks gradually through the fracture-rock matrix interface, and the
remaining proppants in the slurry tend to deposit and form proppant bed at the fracture bottom.
This can be evident in Fig. 27 that illustrates the proppant volume fraction for the different leak-
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off rate constant. Fig. 27 shows that a higher proppant bed is noticed for the higher leak-off
case. This can be explained by as the fracturing fluid seeps to the surrounding porous rock
leaving behind the proppant in the remaining slurry, proppants tend to settle quickly forming
greater proppant bed and consequently higher chances of early fracture tip screen-out. As
explained earlier, the fracture tip screen out will then inhibit any further proppant transport into
the fracture, and the unpropped section of the fracture will close down, resulting in loss of
fracture conductivity. On the contrary, the lower fluid leak-off rate case results in less amount
of fluid leaking from the fracture to reservoir rock and thus can aid in proppant suspension with
smaller proppant bed and more extended proppant transport into the fracture.

The effect of fluid leakage from the fracture-matrix interface on the proppant distribution is
usually ignored by the existing proppant transport models, and it can be noticed from Fig. 27
that it can lead to inaccurate determination of proppants and inefficient hydraulic fracturing
design. To quantitatively investigate the effects of fluid leak-off on fracture propagation and
proppant distribution, a plot of proppant volume fraction and horizontal velocity with a fracture
height are computed at 2 m and 4 m from the wellbore and are shown in Fig. 28 and Fig. 29. It
can be seen that the higher fluid leak-off case with constant 5.0e-9 m/kPa.s results in greater
proppant bed deposition. This can be explained by a higher amount of fluid leaking-off from
the fracture to reservoir matrix leaves the proppants inside the fracture. The settling velocity of
the proppant becomes dominant to the horizontal transport velocity, and thus a more significant
number of proppants tend to deposit. On the contrary, the lower leak-off rate case with constant
5.0e-11 m/kPa.s, due to smaller amount of fluid leakage from the fracture-matrix interface,
results in suspending and transporting proppant longer into the fracture, and thus lower number
of proppants are deposited. Furthermore, comparing the proppant horizontal velocity in Fig. 29
suggests that the higher velocity is noticed from higher leak-off rate case with constant 5.0e-9
m/kPa.s, compared to the other two cases. This can be explained by the higher leak-off results
in lower fracture width during fracture propagation, as explained earlier. Thus, due to the lower
fracture width, the volumetric injection flow rate is greater for the higher leak-off case.
However, it can be noticed that even with the higher velocity in the case of higher leak-off
constant, the proppants tend to deposit early as the settling velocity is dominant over the
horizontal transport velocity because of greater fluid leakage from the fracture-matrix interface.
The results from the variation of leak-off rate on proppant distribution suggest that fracturing
fluid leak-off is one of the significant factors that govern the proppant distribution, fracture
geometry and fracture conductivity. It is essential to include it in accurately modelling the
proppant transport physics and hydraulic fracturing design.
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Fig. 27. Proppant distribution with varying leak-off rate constant
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Fig. 29. Effect of the fluid leak-off rate constant on proppant horizontal velocity

4. Application in petroleum engineering

A successful hydraulic fracturing operation is designed such that the fracture is initiated and
propagated with minimum tortuosity and complexities around the wellbore. In addition, the
successful transport and settling of proppants inside the fracture domain also add to the success
of hydraulic fracturing. The unpropped section of fracture closes down due to the surrounding
geomechanical stresses when the hydraulic pressure is removed. Thus, modelling accurately
the fracture propagation coupled with proppant distribution is vital for the efficiency of
hydraulic fracturing design. The propped fracture provides the desired conductivity and flow
conduits for the reservoir fluids (oil or natural gas) to enter into the wellbore, and thus improve
the production efficiency. Furthermore, another common failure in hydraulic fracturing design
noticed in the oil industry is fracture tip screen-out. This happens when proppant in fracturing
fluid, create a bridge inside the fracture and prevents any further transport of proppant and fluid,
resulting in a rapid increase in pump pressure. Using advanced numerical models like the one
proposed in the current study can aid in preventing the fracture tip screenout and model
accurately proppant transport physics with dynamic fracture propagation.

Lastly, the numerical modelling results in this paper suggests that the reservoir characteristics
and flow properties can significantly influence the fracture length, fracture width and proppant
distribution inside the fracture. The coupled phenomenon of fluid flow, fracture propagation,
proppant transport, fluid leakage, complex fluid-proppant and inter-proppant interactions can
greatly influence the geomechanical stresses in the vicinity of the wellbore. This complex
fracture mechanics and hydrodynamics of proppants cannot be modelled using analytical
solutions or linear elastic models. Thus, the applicability of the proposed dynamic fracture
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propagation and fluid flow model with proppant transport and fluid leakage can help petroleum
engineers to design the hydraulic fracturing operation with fewer limiting assumptions
successfully.

5. Conclusions

In this paper, a fully integrated model is proposed to dynamically model the fracture
propagation and proppant transport inside the fracture with fluid leak-off from the fracture
sidewall. The fracture propagation is modelled using the extended finite element method, and
the hydrodynamics of proppant transport is modelled using the computational fluid dynamics.
The numerical modelling results were compared against the zero toughness analytical model
and real field results, and a good agreement is obtained. The parametric study of injection rate,
fluid viscosity and fluid leakage is conducted that influence fracture propagation and proppant
distribution. The key conclusions obtained based on the parametric study are as follows-

1. Increase in injection rate aids in more extended proppant transport by providing
additional energy for the proppant suspension in the slurry.

2. Proppant bridging is a frequently observed phenomenon seen during hydraulic
fracturing depending upon the fracture height and width that can cause fracture tip
screen out and lead to hydraulic fracturing design failure. Intermittent proppant
injection technique is proposed and investigated to overcome this by controlling the
injection rate. It is observed that this technique of intermittent proppant injection can
significantly improve the proppant distribution, enhance areal sweep efficiency and
fracture conductivity.

3. The investigation of fluid viscosity on dynamics fracture propagation and proppant
transport suggested that as the fluid viscosity increases it leads to a relatively longer
fracture propagation and improved suspension ability of the proppants, which aids in
better proppant distribution in the fracture domain. Correctly modelling the proppant
distribution using the proposed model in an optimal fluid viscosity can help petroleum
engineers to track the proppant distribution correctly and improve the hydraulic
fracturing design.

4. The results from the variation of leak-off rate on proppant distribution suggest that
fracturing fluid leak-off is one of the significant factors that govern the proppant
distribution, fracture geometry and fracture conductivity. It is essential to include it in
accurately modelling the proppant transport physics and hydraulic fracturing design.
The higher leak-off rate can result in early proppant deposition and possibility of
fracture tip screen out.

The fully coupled XFEM-CFD model for dynamic fracture propagation and proppant transport
proposed in the current study overcomes the drawbacks of the existing proppant transport
models by accounting for cohesive based traction-separation law for fracture mechanics and
fluid leakage phenomenon through the fracture-rock matrix. These numerical modelling results
suggest that coupling the effects of the fracture propagation, proppant transport, fluid leakage,
complex fluid-proppant and inter-proppant interactions can significantly influence the
geomechanical stresses in the vicinity of the wellbore. Thus, the current model aids petroleum
engineers to successfully design the hydraulic fracturing operation and gain confidence in
tracking and distribution of proppants inside the fracture.
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