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Abstract Due to the increasing demand and
importance of natural gas in the global energy mix,
its expeditious recovery is crucial, especially from
large-scale unconventional geo-resources. Hydrau-
lic stimulation is an established means of productiv-
ity increase especially from tight gas reservoirs. The
fracture conductivity generally depends on proppant
properties, particularly the shape. Therefore, in this
research, the effect of using rod-shaped proppants
was investigated. Using rod-shaped proppants instead
of conventional spherically shaped proppants, can
make a significant difference. Due to the cylindrical
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shape, higher porosity and permeability are gener-
ated, resulting in better conductivity fractures. Thus,
to analyze the effect of different proppant shapes on
post-fracture performance, a production model was
implemented in the FLAC3DP"*-TMVOC framework.
Later, an in-depth sensitivity analysis was performed
to investigate the effects of the proppant shape, size,
strength, and effective stress on the fracture aperture
reduction and conductivity due to proppant deforma-
tion and embedment. The application to a generic
model revealed that recovery can be increased by
about 7% using aspect ratio 1 rod-shaped proppant
with the same diameter as the spherical proppant.
Then, increasing the rod-shaped proppant size from
an aspect ratio of 1-10 can significantly increase the
gas recovery by 13% but results in higher proppant
deformation. Finally, the application of rod-shaped
proppants to fracturing proposals in well x in a tight
gas reservoir of Germany showed that the recovery
could be significantly improved if spherical proppants
are replaced with rod-shaped proppants.

Article highlights

e Implementation of the post-fracture performance
model based on rod-shaped and spherical prop-
pants in the FLAC3DP"-TMVOC framework.

o Investigating the effect of proppant shape, size,
strength, and effective stress on the fracture con-
ductivity due to proppant embedment and defor-
mation.
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e Significantly higher productivity can be achieved
using rod-shaped proppants than spherical prop-
pants.

Keywords Rod-shaped proppants - Spherical
proppants - Fracture conductivity - Hydraulic
fracturing - Tight gas - Post-fracture performance

1 Introduction

The exploitation of the geo-resource of conventional
oil and gas for more than a century has led to indus-
trial development. However, substantial resources
remain underground due to lower recoveries (Jia
2017). The production from conventional petroleum
resources, characterized by high porosity and per-
meability, is declining, as the high-quality resource
of easy to extract conventional reservoirs is limited.
Around 80% of total resources are unconventional
and can be mainly characterized as tight oil, tight
gas, shale gas, shale oil, coal-bed methane and gas
hydrates (Leimkuhler and Leveille 2012; Zou et al.
2013).

Natural gas is a cleaner fossil fuel compared to oil
and coal with fewer emissions and pollutants due to
lower CO, to energy content ratio. Natural gas pro-
duces only 117 Ibs of CO, per million British thermal
units (Btu) compared with 161 Ibs of CO, per mil-
lion Btu and 205 Ibs of CO, per million Btu for diesel
and coal (bituminous), respectively (US EIA, 2021).
It will play an increasing role in the global energy
mix and can serve as a bridge fuel for the transition to
renewable energy. The share of natural gas in primary
energy reached 23% in 2019. Due to continuous rise
in energy demand, it is expected that the peak global
gas production will remain from 3.7 to 6.1 trillion m*
(tcm) per year between 2019 and 2060 (IEA 2020;
Wang and Bentley 2020; Zou et al. 2014). Accord-
ing to the international energy outlook, an increase of
more than 40% in global gas consumption is expected
between 2018 and 2050 (EIA 2019).

Therefore, efficient development of unconven-
tional resources is essential for global energy security.
Hence, the focus of this work is on the exploitation of
the geo-resource of tight gas reservoirs, which can be
defined as lower permeability and porosity reservoirs
accumulated over a large area, requiring a change in
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the permeability or permeability-viscosity ratio to
produce at commercial production rates. Therefore,
well stimulation techniques are applied to enhance
their productive potential (Zou et al. 2013). Hydraulic
stimulation of wellbores is the first means of choice
for improving productivity of tight gas reservoirs by
creating highly conductive fluid flow paths. Pressur-
ized fluid injection results in fracture initiation and
propagation normal to the minimum principal stress
due to tensile failure (Economides 2007; Economides
and Nolte 2000). Since the late 1940s, millions of
fracturing treatments have been performed, increas-
ing the recoverable reserves apart from stimulating
production (Clark 1949; Leimkuhler and Leveille
2012; Montgomery and Smith 2010; Zou et al. 2013).

Compared to rock grains, proppants are large diam-
eter particles, and their purpose is not only to keep a
fracture open but also provide sufficient porosity and
permeability to the reservoir fluid so that commercial
production becomes possible. As the fracture closure
occurs under the influence of closure stress and fluid
leakoff to surrounding formations, the width of the
fracture decreases, and proppants contact the walls
of the fracture. Fracture conductivity, dependent on
proppant pack permeability, is a measure of its ability
of how well it can transmit reservoir fluid to the well-
bore. The proppant composition, strength, grain size
distribution, roundness, density, pack permeability,
and proppant degradation over time, affect fracture
conductivity (Economides and Nolte 2000). Higher
diameter proppants offer higher permeabilities, but
as the proppant size increases, the crush resistance
decreases. Generally, with an increase in strength, the
proppant density also increases (Economides 2007).

The first hydraulic fracturing operation in 1947
used silica sand proppants (Liang et al. 2016). Since
then, many materials have been employed for prop-
pants, such as natural sand, ceramic, resin coated
sand, sintered bauxite, and kaolin. Generally sand
and ceramic proppants have been used (Hellmann
et al. 2009; Liang et al. 2016; Montgomery and Smith
2010). These proppants have their own strengths
depending upon the material. They can be categorized
as low, medium, or high strength proppants. Some of
the commonly used proppants and their strengths at
a conductivity of 1750 mD-ft are presented in Fig. 1
(Liang et al. 2016).

Based on the literature study, mathematical mod-
els have been developed, and simulations have been
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Fig. 1 Conductivity of proppants having different strengths
(Liang et al. 2016)

performed for porosity, permeability, fracture con-
ductivity, and proppant embedment and deformation,
previously. Moreover, experiments and field appli-
cations have been discussed; however, post-fracture
production forecasts for rod-shaped proppants based
on the proppant and formation mechanical proper-
ties, fracture geometry, and in-situ stress conditions
have not been examined through numerical modeling.
Therefore, it is imperative to numerically investigate
the performance of different proppants in the pro-
duction phase. In this work, a production model is
implemented in FLAC3DP'"-TMVOC framework to
numerically analyze the production performance of
hydraulic fractures with different proppants consid-
ering their shape, size, strength, formation properties
and stress conditions during the post-stimulation pro-
duction period.

2 Rod-shaped proppants

Fracture conductivity depends on permeability, which
depends on the porosity of the proppant pack; thus,
changing the shape of proppant can make a signifi-
cant difference. Spherical proppants are isotropic con-
cerning shape, which leads to a lower space between
particles. Rod-shaped proppants that are cylindrical,
can provide a much broader range of packing arrange-
ments than conventional proppants due to shape ani-
sotropy where the concept of the aspect ratio (i.e., the
length to the diameter of the proppant) is used. As the
aspect ratio increases, the porosity and permeability
of the proppant pack increases. Compared to spheri-
cal proppants, up to three times higher conductivity
fractures can be created with rod-shaped proppants.

In baseline conductivity testing, rod-shaped prop-
pants with an average diameter equivalent to a 12/18
mesh intermediate strength proppant (ISP) with an
aspect ratio of 2 generated a conductivity of around
73,000 mD.ft and 33,000 mD.ft at closure stresses of
2000 psi and 6000 psi compared with 27,000 mD.ft
and 20,000 mD.ft for 12/18 ISP, respectively (Cher-
emisin et al. 2011; Schlumberger 2013). The elon-
gated shape results in higher porosity, permeability
and resultant conductivity for rod-shaped proppants.
According to Osiptsov (2017), spatially periodical
packing of spheres, ellipsoids, and cylinders gener-
ate porosity values of 0.42, 0.60, and 0.65, respec-
tively. A cylindrical proppant with an aspect ratio
of 3 can generate a volume equivalent to a spheri-
cal proppant whose diameter is 40% more. A unique
consolidated proppant pack can be created due to
the cylindrical shape which can resist the proppant
flowback. Another added advantage is the mobility
increase of a high-viscosity slurry, which can help
in quick fracture cleanup due to higher available per-
meability (Cheremisin et al. 2011; Jia et al. 2019; Li
et al. 2015; McDaniel et al. 2010; Osiptsov 2017;
Schlumberger 2013, 2015; Soetikno et al. 2014). The
field tests indicated that the friction pressure for rod-
shaped proppants was 492 psi/1000 ft, significantly
lower than 543 psi/1000 ft for spherical particles for
an equivalent volume of particles in the slurry. The
main reason is the alignment of elongated particles in
the direction of the fluid flow, reducing the turbulence
and lowering the friction pressure loss. Therefore, a
rod-shaped proppant injection, compared to spherical
proppant, can provide the added advantage of lower
surface injection pressure requirements due to the
lower friction pressure loss. During the settling phase
until fracture closure, the fracture conductivity can be
reduced if the proppants settle perpendicular to the
flow direction. However, multiple slot flow and prop-
pant settling tests revealed that the proppant align-
ment after settling was completely random (McDaniel
et al. 2010). Moreover, the proppant diameter should
be chosen according to the fracture aperture to avoid
any entry restrictions in the fracture. Figure 2 pre-
sents spherical and rod-shaped proppant shapes and a
rod-shaped proppant pack.

According to Osiptsov (2017), periodical packing
of cylinders with an aspect ratio 5 yielded 23% more
porosity than spherical proppants. The numerical sim-
ulation results with different proppants exhibited the
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Fig. 2 Spherical and rod-
shaped proppant shapes and
an example of rod-shaped
proppant pack (Li et al.
2015; Wilson 2015)

)

Spherical

Rod-shaped Rod-shaped proppant pack

maximum porosity and permeability for cylindrical
proppant packs. Compared to conventional proppants,
the initial and retained conductivity are enhanced using
rod-shaped proppants. Successful field trials have dem-
onstrated that the existing wellsite equipment can per-
form the fracturing operation with this new proppant
even at high volumes of 100,000 Ibm per job. These
proppants reduce friction pressure, which lowers the
surface injection pressure, and significantly enhance
the productivity index compared to conventionally
fractured wells (McDaniel et al. 2010). Longer effec-
tive fracture half-lengths due to better and quicker
cleanup and higher conductivity of rod-shaped prop-
pants increased the cumulative production by at least
12% after a six-month production period compared
to hydraulic fracturing with conventional proppants
(Carpenter 2016). Combining the channel fracturing
technique with rod-shaped proppants increased the
well productivity in the depleted Devonian formations
in the Orenburg region in Russia. Due to their shape,
rod-shaped proppants can hold each other through
mechanical means whereas, the proppant pack stability
is based on chemical bonds that depend on tempera-
ture or time of activation for conventional proppants,
such as resin coated proppants. Therefore, rod-shaped
proppant injection especially at the final stage of frac-
turing provides high conductivity in the near wellbore
region and minimizes the proppant flowback problem
(Schlumberger 2015; Wilson 2015). Similarly, apply-
ing a high strength ceramic rod-shaped proppant during
the hydraulic fracturing operation in a petroleum field
in Indonesia increased production, adding valuable
reserves (Soetikno et al. 2014).

3 Numerical modeling

The mathematical models developed by Jia et al.
(2019) and Li et al. (2015) are incorporated into
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FLAC3DP"-TMVOCMP framework (Gou et al. 2015;
Li 2018; Liao 2020) to simulate the effect of different
proppants on fracture conductivity and productivity.
According to Zhou and Hou (2013), FLAC3D (Fast
Lagrangian Analysis of Continua in 3D) (ITASCA,
2009) was equipped with hydraulic fracturing
model based upon tensile failure criterion making it
FLAC3DP", In contrast, TMVOC is multiphase mul-
ticomponent fluid flow simulator based on the Darcy
law (Pruess and Batistelli 2002). The change in fracture
conductivity due to proppant embedment and deforma-
tion is dependent on proppant size, strength contrast
with the formation (mechanical properties such as elas-
tic-modulus and Poisson’s ratio) and effective stress.
Figure 3 describes the concept of change in the fracture
width due to proppant embedment and deformation,
where ‘wd’ and ‘we’ represent the reduced fracture
width due to deformation and embedment, respectively.

The proppant embedment and deformation depend
on the effective stress, the strength contrast between
proppant and formation and the proppant size. The
proppant embedment on one wall of a fracture or on
one side is given by the following Eq. 1 (Jia et al.
2019):

oo 2 (2 ()]
ey

The proppant deformation can be mathematically
written as follows:

" ! 213 1 :
D' =ocwV |1+In Vo d_r 2)

where V, =(1—v})/zE, and V,=(1—-v3)/xE,.
In addition, E” is the proppant embedment [mm],
and D" is the proppant deformation. Additionally, ¢’
denotes the effective stress [MPa]. Moreover, v, rep-
resents Poisson’s ratio of proppant, and v, represents
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dr
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Compressive stress

Fig. 3 Rod-shaped proppant dimensions and concept of frac-
ture width change due to deformation and embedment (l:
proppant length, d.: proppant diameter, w: width, wd: reduced

Poisson’s ratio of formation. The variable E; denotes
the elastic modulus of the proppant [MPa], and E,
denotes the elastic modulus of the formation. Finally,
[, indicates the proppant length [mm], d, is the prop-
pant diameter [mm], and w; is the initial fracture
width [mm].

The change in fracture aperture due to a reduc-
tion in the fracture width on one side of the fracture
should be equal to the combined effect of the embed-
ment and deformation:

CN — E// + DN (3)

To determine the total change in fracture width,
the change in fracture aperture on one side, as given
by Eq. (3) is multiplied by two and subtracted from
the initial width:

w=w,—2C" “)

where C” is the fracture width reduction on one side
[mm] and w is the fracture width after width reduc-
tion [mm)].

Fracture conductivity is primarily dependent on
the permeability, depending on the proppant pack
porosity. Therefore, the permeability is defined in
terms of the porosity using a commonly used cor-
relation based on the Kozeny-Carman model and

width due to deformation, we: reduced width due to embed-
ment, P;: pressure in the fracture zone) modified from (Jia et al.
2019; Li et al. 2015)

mathematically expressed by Eq. (5) (Jia et al. 2019;
Liet al. 2017, 2015):

_or

r =30 ®

where k; denotes the permeability of the propped
fracture [um?], @ represents the porosity [-], r is the
pore throat radius [um], and = denotes the pore tortu-
osity [-].

The fracture starts to close once the pressure inside
the fracture becomes lower than the closure stress.
The production operation depletes the reservoir pres-
sure which further increases the effective stress on
the proppants. Under compaction, the close packing
of proppants occurs, and the porosity of rod-shaped
proppants can be determined using the concept of
the change in fracture aperture at the corresponding
effective stress:

w,-<1 B d'+"8f13325> -7
W ©)

w; — 2D

D=

Based upon the relationship expressed by Eq. (5),
applying the porosity correlation (Eq. 6), the corre-
sponding fracture permeability can be determined:
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Similarly, the porosity and permeability correla-
tions for spherical proppants are defined by Egs. (8)
and (9) (Li et al. 2015):

_ Wigi - 2D
~ w;—2D ®)

®

@, - 2D
Ky = 498.5842 [W—]

w; — 2D

The fracture conductivity can be defined as the
ability of the fracture to transmit fluids to the well-
bore and is mathematically expressed as follows
(Economides and Nolte 2000; Prats 1961):

F, = kew; (10

For tight reservoirs, a more realistic approach is
to add the ability of the reservoir to feed the frac-
ture to the conductivity term (Eq. 10), making it a
dimensionless fracture conductivity F.; (Eq. 11)
(Economides and Nolte 2000):

kew;

Fu= 4 (1

However, to investigate the effect of a hydraulic
connection between the fracture and perforations,
the effects of the position and proppant concen-
tration with reference to the injection zone were
added to Eq. (11) by Hou et al. (2021) to make it a
weighted fracture conductivity:

zn wijkfjA Cp

F =g e,
cd,weighted — Zn lAc_P_ X Ef (12)
=135,

where w; indicates the initial fracture width [m], kf
denotes the fracture permeability [m?], d is distance
between the fracture element and perforation [m],
A indicates the fracture element area [m?], ¢, is the
proppant concentration, c,,,, represents the maxi-
mum proppant concentration, k denotes the reservoir
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permeability [m?], Xp is the fracture half-length [m],
and j indicates the jth element in a model consisting
of of n elements.

The following correlations (Eq. 13) can be used
to determine the decreased fracture conductivity
due to fracture aperture reduction after production:

S _ 1"
F. = ke(w; —2C")
F/ _ kf(W,-—ZC”)
cd — Jox,
! n (wim2CYkG 13)
cd,weighted — SoLy P X —
=1 d; " Copax !

The average permeability of the matrix zone con-
taining the fracture element (as the fracture zone
resides in the matrix zone) can be determined by the
principle of superposition to model the fluid flow
from the reservoir to the fracture and perform produc-
tion simulation (Fig. 4).

The following equations define the permeabilities
in three directions (i.e., X, y, and z) to model the fluid
exchange between matrix and fracture (Li 2018).

xk; +wik

Fig. 4 Fracture zone permeability based on the principle of
superposition (Li 2018)
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k _x1+wf

YUmog 15)
bk
X ks +wek

kz=M (16)
X+ wp

where, k,, ky, andk, indicate the zone permeability
containing the fracture [m?], ks is the propped zone
permeability [mz], ki, k,, andk; represent the matrix
permeability in the x, y, and z directions [mz], X
denotes the width of the matrix zone [m], and wy is
the fracture width [m].

These models are implemented for post-fracture
production performance. After the hydraulic frac-
turing operation, the created fracture geometry is
assigned porosity and permeability according to
the proppant selection (i.e., the diameter is speci-
fied in the case of the spherical proppant and the
diameter and length in the case of the rod-shaped
proppant). The proppant strength parameters are
supplied. Then, the initial porosity and permeabil-
ity values are calculated, and the initial fracture
conductivity is determined according to the choice
of proppant. After executing these calculations
in FLAC3D, the simulation starts for production

Export data from FLAC3DPus- O, R
TMVOCMP after fracture simulation |

P,nq.

from a fractured reservoir. The data, such as
porosity, permeability, stress, and so on, are sent
to TMVOC, where the pressure, fluid flow, phase
saturations and other aspects are determined. The
data are then sent back, and new fracture width is
determined based upon the change in the effective
stress and the resultant proppant embedment and
deformation. The simulation continues until the
time limit provided. Figure 5 presents the detailed
working of the post-fracture production model.

4 Sensitivity analysis

Simulations were performed in a generic model to
investigate the effects of important factors, such as
proppant shape, aspect ratio, strength contrast with
formation, and effective stress, on fracture perme-
ability, conductivity and long-term production per-
formance. A 3D (1/4) model for a tight gas reservoir
was generated in FLAC3D (ITASCA 2009) (Fig. 6a).
The properties including porosity, permeability,
elastic modulus, Poisson’s ratio and density applied
to the formations in the model are listed in Table 1.
The model parameters and relative permeability and
capillary pressure data were presented by Gou et al.

—

Fracture

‘,/’

Zone

Initial porosity and permeability

Reservoir
zZone

FLAC3Dplus

g, ¢a kf

—— Rod- |
- FLAC3DPus » P shaped |
Read the imported data and assign the — proppant }

// stress state, pore pressure and fracture

width to 3D model " t

Assign porosity to
incon section of
infile and update

primary parameters
(TMVOC)

Calculation of
proppant updating fracture width,
e"(;l;?g""z’t'ito?‘"d ‘ change in porosity and

permeability <

€D

TMVOCMP

Calculation of pressure,

fluid flow, saturations
etc.

Pp, q, sat

Fig. 5 Flowchart of different stages of numerical calculations and data sharing between software (w;: initial fracture width, o: stress
state, @: porosity, Pp: pore pressure, q: flowrate, sat: fluid saturation in different phases)
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Fig. 6 a 3D generic quarter model, b pore pressure and stress profile, ¢ injection schedule for fluid and proppants (S_zz: vertical
stress, S_xx: maximum horizontal stress, S_yy: minimum horizontal stress, Pp: pore pressure) (Gou et al. 2015)

Table 1 Hydromechanical properties of formations in the model

Formation type Porosity (-) Permeability (m?) Elastic modulus (GPa) Poisson’s ratio (—) Density (kg/m3 )
Caprock 0.025 4e—17 25 0.3 2650
Payzone 0.1 4e—15 30 0.25 2600
Basement 0.025 4e—17 25 0.3 2650

Fig. 7 Fracture half-width

at shutin and closure -3000 m

Injection,

Fracture half-width [m]
0.0000E+00

Fracture half-width [m]

(2015). The applied stress state and pore pressure are
provided in Fig. 6b.

The hydraulic fracturing was conducted according
to the injection plan presented in Fig. 6¢. In addition,
FLAC3DP"-TMVOC framework was used to conduct
the hydraulic fracturing simulation with water-based
guar gelled fluid (Liao, 2020). The fluid injection was
performed at an injection rate of 6 m*/min for 80 min,
and the proppant injection started at 30 min and was
continuously increased to a concentration of 500 kg/
m? until the end. The fracture geometry in terms of

@ Springer
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the half-width at shutin and closure is presented in
Fig. 7, where it can be observed that proppants settled
at the bottom of fracture and width is almost half at
the closure.

4.1 Fracture permeability and conductivity

The data, such as stress state, pressure, and fracture
geometry, are exported to the developed production
model after fracturing. Then sensitivity analysis is
performed for different proppant shapes, sizes, and
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strength parameters. The rod-shaped proppant diam-
eter is 0.6 mm whereas the length varies. Thus, a
proppant with a length and diameter of 0.6 mm has
an aspect ratio of 1. Considering the fracture width
at closure as illustrated in Fig. 7, the generated poros-
ity and permeability for different proppants can be
observed in Fig. 8. Increasing the aspect ratio of the
rod-shaped proppant significantly increases the poros-
ity and permeability of fracture. Moreover, for the
rod-shaped proppant with aspect ratio of 1, the poros-
ity and permeability are greater than the spherical
proppant with the same diameter.

The fracture conductivity for proppants according
to weighted dimensionless conductivity (Feg yeighted)>
dimensionless conductivity (F,;) and conductivity
(F.) are illustrated in Fig. 9. Due to the higher per-
meability, the fracture conductivity increases for
larger proppants. However, the proppant with a higher
aspect ratio may undergo more deformation or crush-
ing under stress.

4.2 Effect of multilayer proppants on deformation

The proppants deform under compaction. The com-
pressive stress on proppants increases, as the reser-
voir pressure depletes due to production. Production
simulation was performed for one year to analyze the
effects of pressure depletion and rising effective stress
on the fracture aperture due to proppant-proppant and
proppant-formation interaction, where the bottomhole
pressure (BHP) was reduced to 15 MPa. The pressure

~
=}
[
@

60 - 14"‘;
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— 50 I 12 2
= 10
240 3
5 8 2
g% 6 2
[]
a 20 . O
E
10 2 g
0 0
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B Porosity Permeability

Fig. 8 Porosity and permeability of varying aspect ratio rod-
shaped proppants (ar: aspect ratio from 1-10, sph: spherical
proppant)
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Fig. 9 Fracture conductivity based on different methods

and stress profile from shutin to one year of produc-
tion is presented in Fig. 10.

Due to pressure depletion and the increase in effec-
tive stress, the fracture width reduces after one year of
production (Fig. 11a). The change in fracture aperture
can be observed from the change in contour color.
Whereas Fig. 11b displays the fracture width profile
along a-a’ from Fig. 11a: at the end of injection (blue
circles), after one year of depletion (gray circles) and
the difference in fracture width between these two
time points (red circles). The trend of change in frac-
ture aperture (Aw) indicates that increased fracture
aperture reduction occurs, where the initial fracture
width was higher due to additional layers of prop-
pants undergoing deformation.

As a result, the fracture conductivity also
decreases. Figure 12 depicts the ratio of reduced to
the intial dimensionless fracture conductivity for
different rod-shaped proppants with various aspect
ratios. The proppants with a higher aspect ratio suffer

75

[MPa]
w
S

0 T R W AR TR R R RTTI] L

0.001 0.1 10
Time [days]

Fig. 10 Semi-log plot of the rise in effective stress due to the
decline in production pressure over one year (Pp: pore pres-
sure, ¢”: effective stress)
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the fracture width at a horizontal distance from the borehole along a- a’ (w: width)

more deformation due to their large size; hence, max-
imum reduction in fracture conductivity is oberved
for ar-10 proppant and minimum for ar-1 proppant.

4.3 Strength contrast between proppant and
formation

The effect of strength contrast between the proppant
and formation are analyzed by varying the elas-
tic modulus of the proppants and formation using
the same production time. The changes in fracture
aperture due to the strength contrast and increasing
stress are plotted in Fig. 13. The cases al, a2 and
a3 signified by the suffix el present the analysis of
maintaining a constant formation elastic modulus at
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conductivity after one year of production
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20 GPa and changing the proppant elastic modulus
from 7 to 15 GPa, respectively. For e2, the proppant
elastic modulus is kept constant at 20 GPa, and the
formation elastic modulus is varied from 10 to 20
GPa. If the proppant strength is less, the reduction
in the fracture aperture would be more due to the
higher proppant deformation. Moreover, a higher
strength proppant would undergo less deformation
and more embedment; however, the reduction in the
fracture aperture would be less.

_ o a-l-el 4 a-2-el a-3-el _
0.21 F a-d4-el ——a-1-e2 ——a-2-e2 1 0.08
N —a-3-e2 B
3 s 0.077
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E L — 1 0074 o
o013 | - /": ¢
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s L - 0.071 ©
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Fig. 13 Sensitivity analysis of the strength contrast between
the proppant and formation. The el cases represent changing
elastic modulus of the proppant and e2 cases represent the
changing elastic modulus of formation

4.4 Effect of bottomhole production pressure on the
fracture aperture

Producing at higher rates requires higher drawdown
by increasing the difference between BHP and reser-
voir pressure. This production places extra stress on
the proppants as the pressure wave travels quickly in
the fracture due to its higher permeability. Simula-
tions were performed for the same one-year period
but with different BHPs of 25 MPa, 20 MPa, 15 MPa
and 5 MPa to investigate the effect of different pro-
duction pressures on fracture aperture reduction.
Lowering the BHP increases the stress on proppants;
therefore, a greater reduction in the fracture aperture
occurs (Fig. 14). Lower BHPs lead to higher produc-
tion rates but cause more reduction in fracture con-
ductivity due to the higher fracture width reduction
(Fig. 14a). The relationship between the BHP and
fracture aperture reduction is plotted in Fig. 14b.

4.5 Long term production performance

The long-term production performance of differ-
ent proppants is investigated by simulating it for a
period of 10 years. The results in terms of production
rates and cumulative production for four cases (i.e.,
ar-1, 4, and 10 rod-shaped and spherical proppants)
are presented in Fig. 15. The results demonstrate
that changing the shape of the proppant can make a

021
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Fig. 14 a Effect of producing bottomhole pressure (BHP) on the fracture aperture reduction b relation between the change in frac-

ture aperture and BHP
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Fig. 15 Semi-log plot of production rates and the resultant
cumulative production at the end of 10 years for different prop-
pants (rate: production rate, prod: cumulative production, ar:
aspect ratio and spher: spherical proppant)
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Fig. 16 Change in fracture aperture for different proppants
over 10 years

considerable difference, as around 7% more recovery
can be achieved using the same diameter rod-shaped
proppant as that of the spherical proppant. Higher
fracture conductivity due to the increased size of
the rod-shaped proppant from ar 1 to 10 can notably
increase the recovery by 13%.

The BHP during the ten-year production period
is decreased to 3 MPa, which increases the effec-
tive stress on the proppants. Therefore, the proppants
embed and deform according to the stress conditions
and strength contrast with the formation, reducing the
fracture aperture (Fig. 16). The ar-10 suffered 38%
more deformation compared to ar-1 proppant in the
same stress environment, reducing the fracture aper-
ture by about 1 mm.
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5 Case study
5.1 Background

This section discusses the case study of well x in a
tight gas reservoir in the North German basin. The
3D stratigraphic model and pressure and stress pro-
files are presented in Fig. 17a, b. The target forma-
tions include Wustrow, Dethlingen and Mirow. The
mechanical and petrophysical properties of the for-
mation are listed in Table 2. According to the P/Z
analysis, the reservoir had initial reserves of 645
million m? of gas. However, the hydraulic fracturing
performed in 2000 did not improve the productive
potential and only 2.016 million m* of production
could be taken (Mehmood et al. 2021).

First, the 3D model was verified through a
pressure history match with the previously per-
formed fracturing operation (Fig. 18a). The differ-
ence between the measured and simulated fracture
pressure during the initial stage of fracturing was
caused by the stoppage of stimulation operation as
the radiator shaft on the blender sheared off. The
presence of still-crosslinked gel in the wellbore led
to very high tubing pressures. Consequently, a pres-
sure match was not possible due to the abnormal
pressure recorded. However, during this phase only
23.2 m? fluid could be injected. The fracturing oper-
ation commenced the following day, and the injec-
tion rate was increased to planned 4.89 m*/min as
the pressure dropped. Moreover, it can be observed
from Fig. 18a that a reasonable pressure match
was obtained during the main course of injection.
Then, the production history match was performed
to validate the numerical model, where the princi-
pal of superposition was applied for the matrix to
fracture flow, the fracture permeability for the frac-
ture flow, and matrix permeability for the fluid flow
in the matrix (Fig. 18b). Production started in July
2000 and continued until April 2001 with intermit-
tent shutin periods. The simulated fracture profile is
presented in terms of the half-width and proppant
distribution in Fig. 19a. It can be observed that the
proppants settled at the bottom of fracture causing
insufficient borehole-fracture connection. Conse-
quently, the effectiveness of the fracturing opera-
tion for stimulating production was significantly
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Table 2 Properties of the formations (Mehmood et al. 2021)

Formation Top depth Young’s modulus (Pa) Poisson’s ratio (-) Porosity (-) Permeability (m?) Density (kg/m3)

(TVD m)

Z1-An 4490 2.90%10'" 0.275 0.041 9.720% 107! 2940
Z1-Rk 4535 2.85x10'° 0.253 0.044 4.84x107"7 2840
Kupfe 4538 2.89x10'° 0.260 0.059 3.15x107"° 2715
He-Me 4540 2.94%10'" 0.255 0.040 1.05%x 10716 2705
Mu-Me 4554 3.06x10" 0.206 0.068 278 % 10716 2655
Ni-Me 4574 3.72% 10" 0.220 0.001 1.00%x1072! 2750
Da-Me 4598 3.31x10" 0.230 0.081 1.154% 1071 2574
Ba—Me 4609 3.01x10" 0.197 0.110 1.165x 1071 2500
Wu-Me 4627 2.93%10'" 0.2025 0.110 4.887x1071 2493
Eb-Me 4654 2.76x 10" 0.200 0.110 8.430x107'¢ 2707
De—fo 4670 2.65% 10" 0.1975 0.113 5.79% 10716 2668
Ha-Sa 4723 2.61x10" 0.2267 0.113 9.504x 1071 2668
Al-Su 4816 2.92%10'" 0.25 0.064 1.067x1072° 2750

reduced. Thus, the cumulative production was lim-
ited to only 2.016 million m® (Fig. 18b). The pres-
sure profile of the reservoir at different time points
during production is displayed in Fig. 19b.
Mehmood et al. (2021) proposed hydraulic frac-
turing with n-heptane (alkane) to minimize issues,

such as the delayed fracture closure and poor
cleanup efficiency associated with conventional
water-based fluids. After extensive sensitivity anal-
yses, two proposals were presented for optimizing
well x. The injection schedule and fracture geom-
etry of two hydraulic fracturing proposals with
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Fig. 19 a Fracture profile according to the half-width and proppant distribution at closure (600 min) and b reservoir pressure profile

at different stages of production

alternative fluid (n-heptane) according to their frac-
ture width profile are depicted in Fig. 20a, b. Injec-
tion rates of 6 m*/min and 8 m*/min were employed
for design proposals 1 and 2, respectively. The fluid
viscosity for both cases was 0.15 Pa s, and the injec-
tion period was 105 min.

However, this work is limited to investigating
the influence of rod-shaped proppants on recovery
improvement. The next section, therefore, is dedi-
cated to the consideration of rod-shaped proppants in
the fracture proposals 1 and 2.

@ Springer

5.2 Application of rod-shaped proppant

The fracture geometry, stress state, and pressure pro-
file of the two proposals were imported in the devel-
oped model. Figure 21 illustrates the fracture conduc-
tivity based on different proppant shapes and sizes
for the design proposals. Due to the higher porosity
of rod-shaped proppant pack, increased conduc-
tivity is offered compared to spherical proppants.
The maximum conductivity significantly increases
from 9.175%10™"° m’m to 4.54x10"* m’m
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Fig. 21 Fracture conductivity kf.w (m2.m) for proposals 1 and 2 for spherical and different aspect ratios (ar) rod-shaped proppants
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Table 3 Ten-year

: Proppant type and dimensions
production forecast

Production forecast (million sm?)

Proposal-1 Proposal-2

Rod-shaped (aspect ratio: 1) I: 0.6 mm 172 181

d,: 0.6 mm
Rod-shaped (aspect ratio: 3) I: 1.8 mm 182 192

d,;: 0.6 mm
Rod-shaped (aspect ratio: 5) I: 3.0 mm 188 199

d: 0.6 mm
Rod-shaped (aspect ratio: 7) l: 4.2 mm 193 204

d,: 0.6 mm
Spherical d,: 0.6 mm 160 168

(917.5-4540.7 mD m), as the proppant aspect ratio
increases from 1 to 7 for proposal 1. For proposal
2, increasing the aspect ratio from 1 to 7 notably
increases the conductivity from 1.039x 107> m*> m
to 5.144x 1072 m?> m (1039.5 to 5144.5 mD m). In
contrast, spherical proppants provide lower fracture
conductivity than rod-shaped proppant with an aspect
ratio of 1. For proposal 1, a maximum fracture con-
ductivity of 5.867x107"®> m?> m (586.7 mD m) for
spherical proppant is achieved which is considerably
lower than 9.1754x 10" m?> m (917.5 mD m) for
same diameter aspect ratio 1 rod-shaped proppant.
Similarly, aspect ratio 1 rod-shaped proppant resulted
in a conductivity of 1.0395x107'> m%2m (1039.5
mD.m) in comparison with 6.646x107® m?> m
(664.6 mD m), in proposal 2 respectively. Further-
more, the reason for different conductivities for simi-
lar size proppants in proposals 1 and 2 is the differ-
ence in their fracture geometries.

Therefore, due to higher conductivity, rod-shaped
proppants can further enhance the production from
wellbore x. The production forecast over 10 years for
rod-shaped and spherical proppants was performed
to analyze their effects on recovery. The production
forecasts for proposals 1 and 2 with different prop-
pants are presented in Fig. 22 and tabulated (Table 3).

Compared to the previous fracture job, a signifi-
cant recovery increase can be achieved using proposal
with conventional spherical proppants. However, rod-
shaped proppants can further improve recovery. Spe-
cifically, a 6.9-7.1% recovery increase is observed
when using a rod-shaped proppant with an aspect
aspect ratio of 1, with the same diameter as the spher-
ical proppant. The difference in the production while
changing proppant size from an aspect ratio of 1 to
3,3to 5 and 5 to 7 is approximately 5.5%, 3.1% and
2.59%, respectively. Therefore, increasing the prop-
pant size increases the recovery, however the increase
in recovery ratio decreases as the proppants undergo
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Fig. 22 Production forecast based on different proppants for a proposal 1 and b proposal 2
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Fig. 23 Pressure depletion after 10 years of production for a proposal 1 and b proposal 2

more deformation and crushing due to larger size.
The pressure profile after production is presented in
Fig. 23.

6 Conclusions

Proppants keep the fracture open once the pressurized
fluid injection is stopped after hydraulic stimulation.
The fracture conductivity, a measure of production
potential, depends on the porosity and permeability
of the proppant pack. Therefore, changing the shape
of the proppant can make a significant difference.
Rod-shaped proppants unlike spherical proppants are
not symmetrical about their axes. Thus, numerous
packing arrangements are possible, offering higher
fracture conductivity. This higher fracture conductiv-
ity can considerably increase the productivity from
hydraulically fractured geo-resource of tight gas res-
ervoirs. The following conclusions can be drawn
based on this research work:

(a) Proppants of sufficient strength should be used.
Deformation is higher for lower strength prop-
pants. For proppants with significantly higher
strength than formation, embedment is greater.
In addition, high-strength rod-shaped proppants

should be used to avoid unnecessary deformation
or crushing due to their cylindrical shape. Moreo-
ver, zones with more proppant layers undergo
more width reduction due to proppant-proppant
interaction.

(b) Apart from the existing stress environment, the
producing BHP also contributes to fracture aper-
ture reduction. If the pressure gradient between
the formation and bottomhole is too high, then
the effective stress on the proppants increases,
which can increase the rate of reduction in frac-
ture conductivity.

(c) To investigate the long-term production perfor-
mance, simulation was performed for a 10-year
period. Increasing the aspect ratio from 1 to 10
significantly increased the recovery by 13%.
However, increasing the size of the proppant
causes more deformation and reduction in frac-
ture aperture and conductivity. In the well x case
study, the difference in the production while
changing proppant size from an aspect ratio of
1-3, 3-5 and 5-7 is approximately 5.5%, 3.1%
and 2.59%, respectively. Therefore, aspect ratio
3 rod-shaped proppant can be a better choice for
the discussed case study. However, the proppant
selection varies from field to field due to differ-
ent formation properties, stress state and fracture
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geometries. Therefore, a suitable size proppant
should be chosen for optimum recovery. Moreo-
ver, replacing the spherical proppant with a simi-
lar diameter aspect ratio-1 rod-shaped proppant
can increase the recovery significantly (7%).

(d) The application of rod-shaped proppants to
fracture design proposals of well x can further
improve productivity compared with spherical
proppants.

The simulation results are encouraging. Therefore,
rod-shaped proppants are recommended as prop-
ping agents for hydraulic stimulation of tight gas
reservoirs. The development and implementation of
a numerical model for rod-shaped proppant trans-
port and settling will be considered in the FLAC3D-
TMVOC framework for future work.
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