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ABSTRACT

Gases show promise as an alternative to water-based fracturing fluids because they are non-damaging to water-
sensitive formations, show some potential to create complex fracture networks, flow back to the well rapidly
after treatment, and deliver some environmental benefits. However, the ability of gases to transport proppant has
been questioned due to their relatively low viscosity and density. The fracturing then proppant-carrying capacity
of various gases is investigated to determine the form and function of the emplaced proppant pack. First, fracture
propagation and proppant transport driven by several commonly-used pure gases (COg, liquified petroleum gas,
ethane, and Ny) is simulated and compared against slickwater fracturing — generally identifying inferior reach
and functionality. Several methods are then investigated to improve the proppant-carrying capacity of the pure
gases. Results show that, compared with slickwater, gases create shorter and narrower fractures and carry
proppant shorter distances due to their lower viscosity and faster leak-off. Among the gases examined in this
study, liquified petroleum gas and CO; return the deepest proppant penetration along the fracture, followed by
ethane, and with N5 unable to carry proppant into the fracture due to the resulting narrow fracture. However,
elevating injection rate of gases could improve their fracture-inducing potential and proppant-transport capa-
bility to a level competitive with that of slickwater. A near-uniform proppant distribution may be achieved by
using a gelled gas, with an approximately two order-of-magnitude enhancement in viscosity, or a foam-based
fluid with a high quality. The fracture length may also be extended by limiting leak-off due to the increased
viscosity. Moreover, ultra-light-weight proppants (ULWPs) perform better with gases than commonly-used sands
in terms of uniformity of distribution, due to decelerated proppant settling. Well performance is improved
significantly by fracturing with gelled gases or foams instead of pure gases or by pumping ULWPs instead of
normal sands.

1. Introduction

reducer, is currently the most popular fracturing fluid used in com-
mercial production of unconventional oil and gas. This is due to its low

Hydraulic fracturing is one of the most effective and widely-used
methods to stimulate production from unconventional oil and gas res-
ervoirs exhibiting micro- and nano-Darcy native permeability. This re-
quires the pumping of highly-pressurized fracturing fluids into wells to
create new fractures or reactivate pre-existing natural fractures in the
hydrocarbon-bearing reservoir. A proppant pad is introduced later in the
pumping and fracture-driving sequence to prop open the complex
network of fractures when pumping ultimately stops and fractures
deflate under the in situ stress. These fracture networks provide direct
contact between the wellbore and the reservoir and drastically increase
the contact area with highly conductive channels enabling the hydro-
carbon to be effectively recovered.

Slickwater, composed of water and a small amount of friction
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cost, ready availability, as well as its ability to generate complex fracture
networks with good fracture containment and limited gel damage within
fractures (Palisch et al., 2010). However, its dependence on significant
volumes of water has led to a series of issues. First, water-induced for-
mation damage might impair productivity in water-sensitive reservoirs
due to significant capillary effects and potentially high contents of
swelling clay (Xu et al., 2016). Second, slickwater fracturing entails
massive amount of water, which places significant stress on local water
resources, especially for the areas suffering from water deficits (Gallegos
et al., 2015). Additionally, disposal of large volumes of flow back fluids
by deep reinjection is recognized as a significant cause for the increasing
number of induced low-level earthquakes observed over the last decade
(Ellsworth, 2013; Elsworth et al., 2016). All of these concerns promote
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Table 1
Comparisons among three commonly-used gaseous fracturing fluids (CO5, N5, and LPG).
Gases Advantages Disadvantages
CO, Good miscibility with hydrocarbons improving oil mobility and recovery; Corrosive nature of CO; in presence of water;
Accelerated desorption of adsorbed gas in formations; Limited availability in some locations;
Potential sequestration of greenhouse gases underground. Requirement of gas separation before hydrocarbon production;
Possible leak of CO, to the atmosphere.
Ny Good availability and low cost of gaseous Ny; Low density preventing N, from being applied in deep reservoirs;
Inert gas having no chemical interactions with rock formations; Special equipment required to handle low-temperature liquid N».
Potential to create self-propped fractures by thermal shock.
LPG Full compatibility with reservoirs since LPG and hydrocarbons are mutually soluble; High safety risk due to the explosive nature of LPG;

Reduced flaring;
Possibility of 100% recovery of the LPG in the well production stream.

High investment cost.

the research and development of alternative stimulation methods,
including the use of waterless fracturing agents.

A few waterless fracturing technologies have been developed and
field tested during the past several decades, including oil-based frac-
turing, explosive and propellant fracturing, and gas fracturing (Wang
et al., 2016). Among them, gas fracturing has recently attracted
considerable research effort (Middleton et al., 2015; Gan et al., 2015; Li
etal., 2016; Bennour et al., 2017; Wang et al., 2020). This is because gas
fracturing can not only avoid the problems encountered by water-based
fracturing methods but also delivers other benefits. Gas fracturing al-
lows the fracture to be created and the proppant to be placed by gases in
their liquid or supercritical phases. At reservoir equilibrium pressure
and temperature, the gases will transit to their vapor phase, which
completely eliminates any capillary-pressure damage as well as results
in a rapid flowback after treatment (Lillies and King, 1982). Moreover,
gases are recognized to have the potential to generate complex fracture
networks in formations (Ishida et al., 2016; Wang et al., 2018c). These
complex fracture networks provide a large contact area between the
wellbore and the reservoir, which favors a high production rate. In
addition, greenhouse gases may be sequestered underground as they are
working as fracturing fluids (Middleton et al., 2015). Various pure gases
have been used as fracturing fluids in field demonstrations where CO»,
Ny, and liquified petroleum gas (LPG) are the most common. Detailed
reviews of the various fracturing techniques with these gases are
available and documented (Gandossi, 2013; Moridis, 2018) with com-
parisons among them summarized in Table 1. However, the low vis-
cosities and densities of gases, relative to those of room-temperature
liquids, may result in limited proppant-carrying capacity and reduced
fracture-inducing potential (narrow apertures), both of which could be
obstacles preventing gas fracturing from being widely applied. None-
theless, although the effectiveness of gases as fracturing fluids has been
questioned, relevant studies are surprisingly limited, and the effect of
low fluid viscosity on fracture propagation and proppant placement is
poorly understood.

Various methods can be used to enhance the proppant-carrying ca-
pacity of gases. In some cases, a gas is gelled before fracturing to achieve
a high and consistent viscosity, which is able to evenly distribute the
proppant in fractures (King, 1983; Tudor et al., 2009). Most recently,
foam-based fluids have been found useful in well stimulation (Wan-
niarachchi et al., 2015, 2017). Generally, foams can be made by mixing
a gas with a liquid, where gas bubbles are encased in a liquid phase cage.
The two-phase fluid flow nature of foams provides a high viscosity
mixture with low liquid content - ensuring improved proppant-carrying
capacity and a favorable suitability for water-sensitive reservoirs. In
addition, the development of ultra-light-weight proppants (ULWPs) also
shows promise for gas fracturing. ULWPs are usually 25%-60% lighter
than commonly-used sands, but sufficiently strong to withstand reser-
voir stresses (Gu et al., 2015). Due to the low density, the settling ve-
locity of ULWPs is much lower than that of the commonly-used sands,
enabling them to be carried further downrange along fluid-driven
fractures.

Precise prediction of fracture geometries remains a significant

challenge due to the extraordinary complexity of active processes. Most
“traditional” hydraulic fracturing models have been developed based on
the linear elastic fracture mechanics with simple 2D or pseudo-3D ge-
ometry (Khristianovic and Zheltov, 1955; Perkins and Kern, 1961;
Greetesma and de Klerk, 1969; Nordgren, 1972; Adachi et al., 2007;
Dontsov and Peirce, 2015a; Wang et al., 2018a). By making reasonable
simplifications, these models provide both fast and efficient solution to
define fracture evolution and extent — and their routine utilization in the
oil and gas industry. Recent desires are to improve the fidelity of pre-
dictions with more realistic descriptions of key influencing factors -
accommodating true 3D fracture geometry, interaction between the
hydraulic fracture and geological discontinuities, and creation of com-
plex fracture networks. To achieve this, a variety of numerical methods
have been utilized, such as finite element methods (FEM) with cohesive
zone elements (Chen et al., 2009; Carrier and Granet, 2012) or contin-
uum damage mechanics approaches (Wang et al., 2018c; Liu et al.,
2018a), extended finite element methods (XFEM) (Gordeliy and Peirce,
2013), discrete element methods (Zhang et al., 2017a, Zhang et al.,
2019a), distinct element methods (Damjanac and Cundall, 2016; Gha-
deri et al., 2018), and boundary element methods (Zhang et al., 2007).
Comprehensive reviews of the literature are available for both tradi-
tional (Detournay, 2016; Lecampion et al., 2018) and advanced (Tale-
ghani et al., 2016) hydraulic fracturing models. Proppant transport
poses an additional challenge to the modelling of hydraulic fracturing.
The transport of solid particles (proppant) is often approached as a
volumetric concentration of proppant by using Eulerian-Eulerian models
(Ouyang et al, 1997, Shiozawa and McClure, 2016) or
Eulerian-Lagrangian models (Dontsov and Peirce, 2015b; Zhang et al.,
2017b). These continuum methods are widely used due to their
simplicity and high efficiency, although some aspects of the physics
(such as collisions and friction between particles) are ignored. CFD-DEM
(Computational Fluid Dynamics-Discrete Element Method) models offer
the potential to incorporate the true physics but with high computa-
tional cost and often relegated to solve only subsets of the full problem
(Zeng et al., 2016). Reviews of models representing proppant transport
are also available (Osiptsov, 2017).

In this study, we investigate the ability of different gases to transport
proppant in a propagating blade-shaped fracture and then evaluate the
resulting gas production rates using previously developed deformation-
transport-closure models (Wang et al., 2018a, 2018b; Wang and Els-
worth, 2018). The numerical models are first briefly introduced, fol-
lowed by numerical simulations of fracture propagation and proppant
transport driven by slickwater, CO,, Ns, ethane, and LPG. Following
this, we examine the proppant-carrying capacity of gelled gases and
foam-based fluids as well as the performance of ULWPs carried by gases.
Finally, fracture conductivities of all the cases are calculated and input
into reservoir simulations to evaluate gas production rates.

2. Deformation-transport-closure models

We explore fracture propagation coupled with proppant transport
using an internally consistent model satisfying the elastic stress
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distribution with transport of a rheological mixture of fracturing fluid
and proppant (Wang et al., 2018a, 2018b). A fracture closure model is
then used to follow the evolution of the residual aperture profile and
conductivity of fractures partially filled with proppant packs as the
hydraulic pressure decreases at the conclusion of pumping (Wang and
Elsworth, 2018).

2.1. Fracture propagation

Fracture propagation is formulated based on the PKN-formalism
(Perkins and Kern, 1961; Nordgren, 1972), representing a simplified
model with a pre-constrained fracture geometry. The model assumes
propagation of a vertical blade-shaped fracture of constant height and
elliptical cross-section, as illustrated in Fig. 1. The constant-height
assumption limits the model to the condition where the contrast in
horizontal stress between pay zone and bounding zones is sufficiently
high. Plane strain is enforced in the plane perpendicular to the direction
of propagation, fluid pressure in the fracture is assumed uniform with
height and the toughness of the rock is assumed negligible. These con-
ditions are likely reasonable for large blade-like fractures. However,
most importantly for this work, the PKN model is a useful test bed for
modelling proppant transport and fracture deflation in this work - as it
provides a consistent platform to evaluate differences in the perfor-
mance with different fracturing fluids — where all other characteristics
are held constant. It should be also noted that this study is mainly
focused on proppant transport driven by gases in the main hydraulic
fractures without considering any secondary fractures or fracture net-
works. Thus, a planar fracturing model (PKN) is sufficient to capture this
behavior. However, for the situation where large and extensive distri-
butions of natural fractures exist, more advanced fracturing models are
required to accommodate the resulting fracture network and the com-
plex proppant distribution (Park et al., 2001; Taleghani et al., 2016; Liu
et al., 2018b; Zhang et al., 2019a, 2019b).

The fracture width profile is given by

2(1 —12)

w(x,z,1) = z (H*

— 47 ) p(x, 1), (€D
where 0 < x <I(t),
coordinates and time, respectively. Herein, I(t) represents fracture
length; H is the fracture height; E is the Young’s modulus; v is the
Poisson’s ratio and p(x, t) = ps(x,t) — oy, is the net fluid pressure inside
the fracture with ps(x,t) the absolute fluid pressure and o, the in situ
stress acting perpendicular to the plane of the fracture.

The flux of the fluid/slurry within the fracture can be defined by

— B <2 <4 and t are the horizontal and vertical

Mobile proppants

Settled proppants

Fig. 1. Schematic of proppant transport in a propagating blade-shaped frac-
ture. The fracture is assumed to have a constant height and an elliptical cross-
section (see the cross-section A for an illustration).
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Poiseuille’s law as

w3 (x,2,8) ~s [ wi(x
Tﬂ/Q I:(p(x~,z7t)7

qs(xazat): - (2)

where 4, is the dynamic viscosity of the clear fracturing fluid; a is the

. LS . . .
proppant particle radius; Q is a dimensionless function of @ = ¢/@,.«
and w/a with ¢ the volumetric concentration of proppant and ¢,,,, the
maximum allowable volumetric concentration determined from

geometrical considerations. The function Q' is introduced by Dontsov
and Peirce (2014) based on an empirical constitutive model which is
able to capture the transition from Poiseuille flow to Darcy filtration
flow as the normalized proppant concentration ¢ increases from O to 1,
as illustrated by Fig. 2a.

By considering fracture inflation, fluid flow and fluid leak-off, the
local fluid mass balance equation is written as

ow(x, *(x,
W (x, 1) . og* (x,1) . 2C,
ot ox t— f(x)

=% Hl/izwxztdzandq x,t) =4 Hf/ﬁzq X, 2, t)dz are

=0. 3)

where w(x, t)

the average width and flux over the fracture height, respectively, the
constant C; is the Carter leak-off coefficient, and z(x) is the time at which
the fracture leading edge arrives at location x. The gaseous fracturing
fluids are treated as incompressible in this study due to their high
pressure and near-liquid state when retained in liquid or supercritical
phases — fluid pressure and density only change slightly during the
fracturing. Therefore, it is reasonable to model this problem using the
averaged density and viscosity of the fracturing fluids.

The fracture propagation model is defined by Egs. (1)-(3), which is
complemented by the initial conditions given by a small time asymptotic
solution (Kovalyshen and Detournay, 2010) and the boundary condi-
tions at the inlet and the fracture tip as

7'(0,1)=Qy / 2H and W(l,1) =0 @

where Qy is the injection rate for a bi-wing fracture. Together with the
proppant concentration field @(x, z,t) obtained by the proppant trans-
port model to be introduced below, this set of equations is sufficient to
determine the evolution of the fracture footprint defined by [(t) and H,
and the field quantities w(x,z,t), ¢*(x, 2,t) and p(x,t).

2.2. Proppant transport

The 2D mass balance equation for the proppant is written as

I(x,z NP2, 1) | 0gi(x2,1) | 0¥ 2.1)

ot Ox 0z )

where ¢} and ¢f respectively represent the proppant flux in the x and z
directions. The fluxes can be defined as

a=5()0 (82)s

2

=~ 5() 13,

where p, and p; are densities of the proppant particle and clear frac-

—0,)8C (7.2). @)

turing fluid, respectively, and g is the gravitational acceleration. ap and

G are two dimensionless functions of the proppant concentration ¢ and
the ratio w/a (Dontsov and Peirce, 2014) and describe pressure-driven
proppant convection and proppant settling, respectively, as illustrated
in Fig. 2b and (c). B is a blocking function, accounting for proppant
bridging which occurs when the fracture width is only of the order of
several diameters of the proppant particles [see Fig. 2d].

Validations of fracture propagation and proppant transport are
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Fig. 2. The functions (a) QS, (b) Qp and (¢) G’ introduced by Dontsov and Peirce (2014) versus normalized proppant concentration for 3 specified values of the
parameter w/a, and (d) the blocking function B(w /a) versus the parameter w/2a, assuming proppant bridging occurs when the fracture width is 3 times the diameter

of the proppant particles.

described separately (Wang et al., 2018a, 2018b) together with detailed
description of the numerical algorithm solving these two equation sys-
tems (Wang et al., 2018a).

2.3. Residual aperture and conductivity of closed fractures

During shut-in, flowback and production stages, decreasing hy-
draulic pressure allows the fracture to deflate and to compact the
encased proppant pack. A fracture closure model is then used to follow
the evolution of the residual aperture profile and conductivity of frac-
tures partially filled with proppant packs as the hydraulic pressure de-
creases at the conclusion of pumping (Wang and Elsworth, 2018). The
fracture closure model introduced here is capable of accommodating the
mechanical response of the proppant pack, fracture closure of poten-
tially contacting rough surfaces, proppant embedment into fracture
walls, and most importantly flexural displacement of the unsupported
spans of the fracture.

Based on linear elasticity, the residual width profile w,(x,2) and the
net stress applied on the fracture walls o,(x, 2) can be related by an in-
tegral equation as

4 [HP
wy(x,2) =7 /41/2 6,(x,5)G(z,5)ds — 2w,(x,z), 8)

where w,(x,z) is the depth of proppant embedment multiplied by a
factor 2 accounting for the embedment into both walls of the fracture,
and G(z,s) is a singular elastic kernel expressed as (Tada et al., 2000)

H? — 4s7

2H|z —s| ©)

G(z,5) =cosh™"

Note that the integral in Eq. (8) has to be understood in the sense of a
Cauchy principal value.

The net stress applied on the fracture walls o,,(2) can be viewed as a
superposition of far-field stress acting perpendicular to the plane of the
fracture oy, fluid pressure within the fracture ps(x, z), back stress from
the proppant pack o, (x,2), and back stress from the fracture asperities
0q(x,2):

O',,(X, Z) :pf(x’ Z)+O’,,(X, Z)+O—ﬂ(xa Z) — Oh- (10)

Assuming that the proppant pack has a constant compressibility c,,
the stress field driving compaction can be written as
1 W,()(.x, Z)a 0(x7 Z) —
—In———" wi(x,2) < wio (X, 2)P0(x,2)
op(x,2) =1 & w(x,2) (00 < ol 9Pl 2) an

07 Wr(x7 Z) 2 W?C’(x7 Z)ar{)(xﬂ Z)

where wy and @, are the fracture width and proppant concentration
when pumping stops. They both have a subscript O because the condi-
tions at the end of the pumping defines the initial conditions for the
fracture closure analysis. The product of wy and @,, gives the initial
width of the proppant pack.

For the unpropped fracture regions, roughness of fracture walls
controls the closure of the two elastic surfaces in contact. The contact
stress of the asperity can be described as (Bandis et al., 1983; Barton
et al., 1985)

Wa_Wr(x7Z) w(x )<W
by — bowe —w,(x,z)] Y S 2)

0, we(x,2) > w,

0.(x,2) =
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where w, is the asperity width, b; is a constant representing the
compliance of the asperity, and by = b; /w,. Note that this model gives
0q(x,2) = 0 at w(x, z) > w, and an infinite o4(x, 2) as w(x, 2) goes to zero,
implying that the fracture is not allowed to completely close.

Based on elastic Hertzian contact theory, the depth of proppant
embedment can be written as

37\? 16’15,2 Wi (%,2)P,0(%:2) e 7
e(x7Z): “ (E) |: 97[30/7 " W,(X,Z) l’ W’(X7Z) <W'0(x7z)(/)r0(X7Z),
0, Wy (X,2) > Wi (X,2),0(%,2)
13)

where 5 > 24/3 is a constant determined by the proppant packing.

Given the fluid pressure distribution within the fracture ps(x,z), the
residual profile of the fracture aperture w,(x, 2) can be obtained by the
integral equation, i.e. Eq. (13), combined with Egs. (14)-(18). Following
this, the conductivity of the compacted proppant packs and the
unpropped fracture regions can be obtained by the cubic law and the
Kozeny-Carman model, respectively, as

w, (x,2)
12

O[30, "] (5,9 2 e, Il 2
C(x,z)= 5 R
a  n(xz)

4511 — n,(x,2)> wr(¥,2) < wio(x,2)P,0(%,2)

wi(x,2)
a4

where @,.(x,2) = Wro (X, 2)@,0(x,2) /wr(x,2) is the residual proppant
concentration, and n.(x,2) = 1 — @,(x, 2)p.x is the residual porosity of
the proppant pack.

Egs. (8)-(13) are first solved for the residual aperture of the closed
fracture, w;,, by using a displacement discontinuity method (Wang and
Elsworth, 2018). Fracture conductivity, C, can then be evaluated by Eq.
(14).

Sections 2.1-2.3 define the deformation-transport-closure models
which are employed to investigate gas fracturing, proppant transport,
and the resulting production rate in this study. These models have been
benchmarked against analytical solutions and existing numerical solu-
tions (Wang et al., 2018a, 2018b; Wang and Elsworth, 2018).

3. Results and discussions

We perform a series of numerical simulations on fracture propaga-
tion and proppant transport driven by various gases, including COo, Na,
Ethane, and LPG, and compare these against standard slickwater frac-
turing. Since fracture lengths and proppant reach for fracturing with
gases is generally less effective than with slickwater, we investigate the
performance of gelled gases and foam-based fluids and ultra-light-
weight proppants (ULWPs) transported by gases.

3.1. Gas fracturing and proppant transport

Consider a formation at a depth of ~1000 m where the minimum in
situ stress is of the order o, = 25 MPa. Thus, the fluid pressure that

Table 2

Properties of fluids used in this study at a pressure of 25 MPa and temperature of
50 °C. (Note that the slickwater viscosity listed in the table corresponds to a
viscosity of 0.001 Pa-s under standard conditions).

Fluids Density, py (kg/m>) Viscosity, u (Pa-s) Phase
Slickwater 998.61 5.52E-04 Liquid
CO, 834.19 7.74E-05 Supercritical
Np 235.25 2.49E-05 Superecritical
Ethane 403.86 6.10E-05 Supercritical
LPG 514.52 1.13E-04 Liquid
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propagates the fracture could be only slightly higher than 25 MPa. The
temperature of the formation is assumed to be 50 °C. The injected
fracturing fluids are assumed to be in thermal equilibrium with the
reservoir, avoiding further complexities in accommodating thermal
stresses (Wang et al., 2016; Yao et al., 2016; Zhang et al., 2018),
anticipated to be negligible. The properties of slickwater, CO2, N,
Ethane, and LPG at a pressure of 25 MPa and temperature of 50 °C are
listed in Table 2. It can be seen that the density of COs is of a similar
magnitude with density of slickwater, while the other gases are much
lighter than slickwater with N having the lowest density. The viscosities
of all the gases are smaller than the viscosity of slickwater, and again, Ny
exhibits the lowest viscosity. CO3, N and ethane will all be in a super-
critical state during fracturing since both pressure and temperature
exceed their critical values, while slickwater and LPG will be in their
liquid state.

Permeability, kry,, and porosity, ¢,,, of the formation are assumed to
be 1071° m? and 0.1, respectively. And initial pore pressure of the
reservoir is set as pr, = 10 MPa. The Carter leak-off coefficient
(Howard and Fast, 1957) can be written as

kr:v ,A
C = M’ (15)
24,

where Ap = py — pry is the difference between the fluid pressure in the
fracture and the pore pressure in the reservoir. Ap is approximately equal
to 15 MPa in this study. According to Eq. (15), the Carter leak-off co-
efficients of the fluids are calculated and listed in Table 3. Note that,
although the Carter leak-off model is widely-used in numerical models,
due to its efficiency, the actual leak-off process could be more complex,
and thus, measurement of actual leak-off rates would be an important
adjunct to this work (Warpinski, 1988; Barree and Mukherjee, 1996).

During the first 1000 s, pure fluid without proppant is injected to
initiate and propagate the fracture as a pre-pad fluid. Proppant is then
introduced to form a mix of fracturing fluid and proppant particles until
2000s, at which time pumping stops. The injection rate Q is kept as
0.12 m3/s, and the normalized proppant concentration of the slurry g is
taken as 0.2. Other parameters used in the calculations are E =
23.44 GPa for the Young’s modulus, v = 0.25 for the Poisson’s ratio,
H =50 m for the fracture height, p, = 2500 kg/m? for the proppant
density, a = 0.2 mm for the particle radius, and ¢,,,, = 0.585 for the
maximum allowable proppant concentration.

Fig. 3 shows the resulting fracture geometry and corresponding
proppant distribution for slickwater fracturing at snapshots in time at
t =1000 s,t =1250 s,t =1500 s,t=1750 sandt = 2000 s. Note
that only one wing of the resulting bi-wing fracture is shown in the
figure. After 1000 s of injection of the pre-pad fluid, the fracture prop-
agates to a half-length of ~415 m with a maximum fracture width of
~2.7 mm located at the wellbore. After that, proppant is introduced and
transported from wellbore to fracture tip. However, due to the low
viscosity of the fracturing fluid, proppant settles rapidly and forms a
proppant bank at the fracture base soon after the introduction of the
proppant (t = 1250 s). Following this, although the fracture continues
to propagate, the penetration length of the proppant almost remains
unchanged, although the height of the proppant bank continues to grow.
At the end of the pumping (t = 2000 s), the fracture is ~695 m in
length and has a maximum aperture of ~3.4 mm. The proppant

Table 3
Leak-off coefficient of fluids used in this study.
Fluids Leak-off coefficient, C; (m/+/s)
Slickwater 1.17E-05
CO4 3.11E-05
Ny 5.49E-05
Ethane 3.51E-05

LPG 2.57E-05
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Fig. 3. Simulation results for slickwater fracturing at different snapshots in time t = 1000 s, t = 1250 s, t = 1500 s, t = 1750 s and t = 2000 s: (a) fracture

geometry and (b) proppant distribution.

penetrates into the fracture to a depth of ~220 m and accumulates at the
fracture base to a height of approximately half of the fracture height.
Note that the simulated fracture half-lengths of ~200 m after several
hours of pumping may overestimate penetration due to (i) the assumed
low leak-off rate representing an ultra-tight formation (permeability of
1071° m?) and (ii) the assumed absence of secondary fractures — each of
which might limit the propagation of the main hydraulic fracture.
Simulations of fracturing with various gases are then performed,
where all the input parameters are kept the same as those for the case of
slickwater fracturing - excepting the fluid properties (Table 2) and the
related leak-off coefficient (Table 3). The simulation results are shown in
Fig. 4. It can be seen that, due to the fast leak-off rate, the fractures
resulting from gases are shorter and narrower than that driven by
slickwater (Fig. 4a). At the conclusion of pumping, the fractures
resulting from LPG, CO; and ethane are ~400-500 m in half-length and
~1.3-1.7 mm in width (average width at the inlet). And the fracture
induced by N5 has a half-length of only ~290 m and an average width (at
the inlet) of only ~0.9 mm, which are even less, respectively, than fifty
percent of the length and the width of the slickwater-driven fracture. For
proppant transport, both the high viscosity and high density of the
fracturing fluid favor a slow settling velocity and hence deep proppant
penetration along the fracture. CO; has a higher density but a lower
viscosity than LPG, and consequently results in a similar proppant
penetration length of ~110 m, which is approximately half that result-
ing from slickwater fracturing (see Fig. 4b). Compared to LPG and COa,
ethane carries proppant to a shorter length of ~73 m due to its lower
viscosity and density. However, for the case of Ny, the proppant con-
centration within the entire fracture is null because the fracture is too
narrow to allow proppant to enter into (screen-out occurs at the inlet).

Admittedly, proppant is carried to relatively shorter distances by gases
than by slickwater when the same injection rate is used, but the capa-
bility for proppant transport of gases is still potentially acceptable. This
is because gas fracturing is commonly operated at higher injection rates
than that for slickwater fracturing (Gandossi, 2013; Moridis, 2018). The
high-rate injection of gases requires less pumping power and is therefore
more achievable than for slickwater, due to the reduced frictional losses
resulting from the lower viscosity of gases. A candidate case for CO;
fracturing with a doubled injection rate (Qy = 0.24 m?3/s) increases the
length of proppant penetration from ~105 m to ~180 m - comparable
with that of slickwater at the original injection rate.

3.2. Fracturing with gelled gases

Gases are sometimes gelled to achieve a high and consistent viscos-
ity, to improve the proppant-carrying capacity and to control fluid leak-
off. We explore the case of fracturing with gelled CO2 where the viscosity
of CO, is increased via the dissolution of dilute concentrations (less than
1 wt%) of “thickeners”. Ideally, viscosity can be increased by a factor of
~2-100 where chemical additives are non-damaging to the formation,
because they would either flow back with the gaseous CO5 or be of such
minimal mass that porosity and permeability of the formation and
proppant pack would not be affected (Enick, 1998).

In this simulation, the dynamic viscosity of the gelled CO; is 0.01
Pa-s, which is ~18 times that of the slickwater and ~129 times that of
pure CO,. The other input parameters are unchanged from those in
Section 3.1. The simulation results are shown and compared with
slickwater and pure CO5 in Fig. 5. The fracture created by the gelled CO4
is wider but shorter (due to the enhanced viscosity) and has a larger
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volume (due to the reduced leak-off rate) than that created by slickwater
(Fig. 5a). The proppant-carrying capacity is improved significantly after
being gelled. It can be seen that the mixture of the gelled CO, and
proppant exhibits a “triangular-shaped” proppant distribution within
the fracture with a scaled volumetric concentration of ~0.1-0.3. The
proppant penetration length is ~400 m which is much deeper than with
slickwater and with un-gelled CO. Although a small proppant bank is
formed at the fracture base, a considerable area of the propped fracture
is achieved at the end of the treatment.

3.3. Foam fracturing

Foams are also a good candidate for fracturing unconventional for-
mations because of their capacity to suspend proppant but with intrin-
sically low water contents. As stated previously, foams normally contain
both liquid and gas phases with the two phases combined by applying a
suitable foaming surfactant. The liquid phase could be water, acid, or
alcohol, while the gas phase is usually Ny or CO,. The density and
rheological properties of a foam depend on the foam quality, which is
defined as the percentage of the internal phase (gas) as

Vg
Vi+V,’

0= (16)

where V; and V; are the volumes of gas and liquid, respectively.

In this study, a polymer-free Ny foam with 0.5 wt% anionic surfac-
tant is considered whose rheological properties are previously defined
(Gu and Mohanty, 2015). The apparent foam viscosity can by written as

Mo =K', @7

where K is the consistency index, y is the shear rate, and n is a power law
index. Here, the consistency index and the power law index are
dependent on foam quality and fluid pressure (in psi) as
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10(5.89Q2+0.43Q)—4 0<0<06
K= = :
{ 10(3890°030) 4 4 8.6 % 10711¢¥'¢(p, — 1000) 0.6 < Q < 0.85
(18)
and
[ (1.54 - 1.6407 0<0<0.6
"7 (1.54 — 1.640%) — (0.89Q0 — 0.21) [log(py/1000)] 0.6 <Q <085
(19)
Foam density can be calculated by
Ppoam =P1 — Q01— p,), (20

where p; and pg are the densities of the liquid (water) and gas (N3),
respectively. A typical fracturing shear rate y = 511 s~! and an aver-
aged fluid pressure p; = 25 MPa are used in the calculations.

Typically, foam quality is in the range of ~50%-95%, and the frac-
turing fluid is considered as energized if the percentage of the gas vol-
ume is below 50% (Moridis, 2018). However, in addition to foam
qualities of 50% and 80%, a foam quality of 20% is also considered here
to observe the overall trend. The simulation results are shown in Fig. 6
and are compared with the case of fracturing with slickwater where
density and rheological properties are close to a foam of quality of 0%. It
can be seen that the 0%-quality foam (slickwater) creates the longest but
narrowest fracture due to its lowest viscosity. As the foam quality in-
creases, the viscosity of the foam increases resulting in a decreasing
fracture length and an increasing fracture width (Fig. 6a). As can be seen
from Fig. 6b, the proppant is distributed more uniformly in the vertical
direction by a foam with a higher quality - due to the reduced settling
velocity of the proppant. A near-uniform proppant distribution is ach-
ieved by the 80%-quality foam when pumping stops, although the
proppant penetration along the fracture is not as deep as those resulting
from 20%- to 50%-quality foams.

Proppant concentration
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Fig. 6. Simulation results for fracturing with N, foam at the conclusion of pumping (t = 2000 s): (a) fracture geometry and (b) proppant distribution. Results for

slickwater fracturing are also shown for comparison.
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3.4. Ultra-light-weight proppant

Ultra-light-weight proppants (ULWPs) are proppants with a low
density, relative to normal sands (S.G. ~2.7) and relative to the frac-
turing fluid. These proppants are fabricated by coating strong materials
with light materials, creating significant porosity inside hard materials,
or directly using polymers as raw material for the proppant (Brannon
and Starks, 2009; Gaurav et al., 2010). They are normally 25%-60%
lighter than commonly-used sands (Gu et al., 2015). A ULWP with a
density of 1050 kg/m? is combined with CO fracturing in this work, and
again, the other input parameters remain unchanged from those in
Section 3.1. The distribution of the ULWP placed by CO5 are shown and
compared with the commonly-used sand in Fig. 7. The resulting fracture
geometries are not shown here as the two cases of CO; fracturing return
near-identical fracture geometry (see the case of CO2 fracturing in
Fig. 5a) regardless of the difference in proppant density. This indicates
that the effect of proppant density on the fracture geometry is negligible.
At the end of the pumping, the ULWP carried by CO5 shows a deeper
penetration along the fracture than the commonly-used sand carried
either by slickwater or by CO; — this is principally due to the slower
settling velocity resulting from the lower density contrast between
proppant and fracturing fluid. Thus, the ULWPs show some promise in
use with fracturing by gases relative to the more commonly-used sands.

3.5. Fracture closure and gas production

At the conclusion of pumping, fluid pressure decreases, enabling
hydraulic fractures to close and compact the encased proppant packs.
We define fracture closure for all 11 cases discussed in Sections 3.1-3.4
by applying the fracture closure model (Section 2.3) with the input

Journal of Natural Gas Science and Engineering 77 (2020) 103269

Table 4

Input parameters for fracture closure simulations.
Parameters Values
Minimum in-situ stress, oy, 25 MPa
Compressibility of proppant pack, c, 7.25x 107° Pa’!
Asperity width, w, 0.1 mm

Asperity compliance, by 1.43x 1071 pa~!

parameters listed in Table 4. Note that c, represents the skeletal
compressibility of the proppant pack (assembly of proppant particles),
which is much larger than that of an individual proppant particle. As an
illustration, Fig. 8 shows residual aperture, conductivity, and residual
porosity of the slickwater-driven fracture as the hydraulic pressure de-
creases to 5 MPa. It can be seen that the proppant props open a portion of
the fracture providing a relatively high fracture conductivity for gas to
be recovered. Interestingly, this is further promoted by the high-
conductivity channels formed around the proppant bank due to the
flexural displacement of the unsupported spans of the fracture (Wang
et al., 2018a). Fracture residual porosity is ~0.3 for the propped portion
and equal to 1 for the unpropped portion. The other cases present similar
results for fracture closure but are not shown here for brevity.

The residual apertures, w;, conductivities, Cy, and porosity, n,, of the
closed fractures recovered from the fracture closure simulations are then
input into a reservoir simulation model to predict the productivities of
fractured wells. Fig. 9 shows the reservoir-fracture domain for this
reservoir simulation model. Taking advantage of the symmetry, only one
wing of a fracture and half the matrix between the two adjacent fractures
are simulated. The governing equations for gas flow within the reservoir
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Fig. 7. Distribution of ULWP at the conclusion of pumping (t = 2000 s) for CO, fracturing. Results for slickwater fracturing and CO fracturing with commonly-used

sand are also shown for comparison.
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and the fracture can be expressed, respectively, as (Wang et al., 2018a)

oprSV k"SV
‘ NR.CY N 21
PrsvPgCs ot +V ( e ngpm> 0, 21)
and
op C, rsv
w,¢rpgcga—f+ V- ( _ lngpf> =2""p, Vs (22)
t Hy Hy y=0

where pry, and py are two unknown pressures in the reservoir and frac-
ture, respectively; p, and ¢, are density and compressibility of methane,
respectively, and are functions of fluid pressure which can be obtained
from the NIST database (Lemmon, 1998); u, is the dynamic viscosity of
methane. Eq. (21) is defined in the entire 3D domain (Fig. 9) where all
the boundaries are set as no flow excepting psy (x, )|, = pf(x,2). And
Eq. (22) is defined only in the hydraulic fracture which is pierced by a
production well at the origin with the other boundaries set as no flow.
The reservoir simulation model is solved by using COMSOL Multiphysics
with the input parameters listed in Table 5.

Fig. 10 shows cumulative gas production from a single fracture with
time for a 3-year period. As expected, fracturing with pure gases returns
lower production rates than with slickwater when the fluids are pumped
at the same rate, since gases generate shorter fractures and shorter
proppant penetrations. However, this inefficiency of gas fracturing
could be offset by an elevated injection rate, as demonstrated by the
similar cumulative gas production volumes resulting from slickwater
fracturing with the base-case original injection rate and CO3 fracturing
with a doubled injection rate. The production rate is enhanced signifi-
cantly by fracturing with gelled gases and foams, primarily due to the
relatively uniform proppant distribution and effective control of leak-off
— promoting the effective lengthening of the fluid-driven fracture.
Among the three cases of foam fracturing with different qualities,
although the 80%-quality foam delivers the most uniform proppant
distribution, the 20%-quality foam results in the highest production
rate. This is possibly because, for the ultra-low-permeability reservoir, a
long fracture with relatively low conductivity favors higher flow rates
than a short one with high conductivity. The improvement of gas pro-
duction by using ULWPs instead of normal sands with gases is also be
observed, however, it is limited by the short fractures resulting from the
fast leak-off of the pure gases.

4. Conclusion

Fracture propagation and proppant transport driven by commonly-
used pure gases (CO,, LPG, ethane, and Ny) are investigated relative
to the behavior for routine slickwater fracturing. The generally degraded
performance of gas fracturing relative to slickwater fracturing is
explored in terms of mechanistic controls. Based on these mechanisms,
several methods to improve the proppant-carrying capacity of the pure
gases are examined, including the employments of gelled gases, foam-
systems, and ultra-light-weight proppants.

During fluid-driven fracturing, the gases are principally in their
liquid or supercritical phases. Relative to slickwater, they exhibit lower

Table 5

Input parameters for reservoir simulations.
Parameters Values
Hydraulic fracture spacing, s¢ 100 m
Wellbore diameter, d,, 0.25m
Reservoir porosity, ¢y, 0.1
Reservoir permeability, kys, 1x 1071 m2
Initial pore pressure, prsyo 10 MPa
Dynamic viscosity of methane, 4, 1.19x 10~ Pas
Bottomhole pressure (BHP), pgrp 3 MPa
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Fig. 10. Cumulative gas production versus time for a 3-year period.

viscosities and densities, which in turn results in faster leak-off rates and
more severe proppant settling. Consequently, at the same injection rate
and at the conclusion of pumping, the gas-driven fractures are shorter
and narrower and encase shorter proppant banks than the slickwater-
driven fractures. Among the gases examined in this study, LPG and
COq return the deepest proppant penetration along the fracture, fol-
lowed by ethane, with Ny unable to carry proppant into the fracture due
to the resulting narrow fracture. However, the proppant-carrying ca-
pacity of gases may still be acceptable, because gas fracturing can be
operated at higher injection rates than slickwater fracturing due to the
lower frictional losses during fluid flow both down the well and along
the evolving fracture. Simulation results show that CO2 could have a
proppant-carrying capacity competitive with slickwater by merely
doubling the injection rate.

Viscosity of gases can be enhanced by adding trace amounts of
“thickeners” to form a gelled system or by mixing a gas with a liquid to
obtain a foam-based fluid. The enhanced viscosity not only reduces the
leak-off rate, which increases both the length and width of the fracture,
but also improves the proppant-carrying capacity of the gases by slowing
proppant settling. The proppant carried by gelled CO5 (with a viscosity
~128 times higher than un-gelled COy) is distributed relatively uni-
formly within the fracture and with a much deeper penetration than for
either pure CO; or slickwater. Foams with increasing quality distribute
the proppant progressively more uniformly in the vertical direction with
a near-uniform proppant distribution resulting from a relatively high-
quality foam. ULWPs have densities much lower than the commonly-
used sand. A ULWP with a density of 1050 kg/m? offsets the low vis-
cosity of the carrying fluid (CO»), resulting in a considerably large
propped area for the fracture at the conclusion of the pumping.

Reservoir simulations show that fracturing with pure gases returns
lower production rates than with slickwater when the fluids are injected
at the same rate. This inefficiency of gas fracturing can be compensated
by elevating the injection rate during operation, which may be capable
of increasing the resulting production rate to a magnitude comparable to
that of slickwater fracturing or even higher. Well performance is
improved significantly by fracturing with gelled gases or foams instead
of pure gases or by pumping ULWPs instead of normal sands. Among
them, the low-quality foam returns the highest production rate, while
the ULWP returns the lowest. This is possibly because a long fracture
with relatively low conductivity favors increased flow over the case of a
short fracture with high conductivity for the ultra-low-permeability
reservoir.
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