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Abstract: Staged multi-cluster fracturing of horizontal wells is one of the most important tools to
achieve efficient development of unconventional oil and gas reservoirs. The multi-stage fracturing
technique forms complex fractures with multiple clusters and branches in the formation, causing
competing diversions leading to more complex proppant transport patterns, and the proppant
placement method determines the flow conductivity of complex fractures, so it is necessary to
investigate the proppant transport patterns in complex fractures. To address this issue, a field-
scale geometric model is established for numerical simulation, and the multiphase flow diversion
pattern in the wellbore, the proppant distribution pattern under different network conditions, and
the optimization of different construction parameters are investigated. The results are obtained as
follows: the distribution of solid and liquid phases in each cluster of the well conforms to the trend
of variable mass flow; the proppant is distributed at the heel end in multiple clusters of fractures,
and the sand and liquid are unevenly distributed among clusters of fractures, and the number of
branching affects the proppant transport; through sensitivity analysis of the influencing factors, the
pumping displacement, fracturing fluid viscosity and proppant particle size are optimized, and the
construction parameters of 14 m3/min, 5 mPa-s, 70/140 mesh, 12% sand ratio are determined. This
study has a certain guiding significance for the optimization of fracturing parameters in this block.

Keywords: proppant migration; staged multi-cluster fracturing; complex fractures; numerical simulation

1. Introduction

Unconventional oil and gas refers to oil and gas resources that cannot be exploited
by conventional methods and technologies, mainly including shale oil and gas, tight oil
and gas, coal-bed methane and natural gas hydrate, etc. The amount of unconventional
resources is huge, and the prospect of exploitation is very promising. Among them,
unconventional oil and gas resources are more than 4~5 times conventional oil and gas
resources and have become a strategic alternative energy source to conventional energy
sources [1]. Staged multi-cluster fracturing of horizontal wells is one of the most important
tools to achieve the efficient development of unconventional reservoirs. Unconventional oil
and gas reservoirs are usually naturally fractured and are prone to form complex fracture
networks after the multi-stage modification of horizontal wells. There is competition
between fracture fluids and proppant at the branches of inter-cluster fractures and fractures
in the same cluster, and there are differences in support amount and support effect. Whether
the proppant can effectively and uniformly fill into the fracture becomes a key point in
the staged multi-cluster fracturing of horizontal wells, which directly determines the
transformation effect after fracturing. Therefore, mastering the distribution pattern of
proppant in the fracture is very important to the success of multi-cluster fracturing in
horizontal wells.
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In recent years, there have been more studies on pure solid-liquid phase flow, reservoir
fracture morphology and proppant transport in fractures [2-27]; the study of solid-liquid
phase flow began with the study of single particle transport in fluids by Stokes (1851), Basset
(1888), Boussinesq (1885) and Oseen (1927), et al. In recent years, Huang Shehua et al. [2]
based on the Lagrangian equation, Tang Xuelin et al. [3] based on the Boltzmann equation,
Bagnold et al. [4] based on turbulence intensity, and Yue Xianan et al. [6] based on the shear-
collision (S-C) model have conducted representative studies on multi-particle transport in
fluids; The study of reservoir fracture morphology began in 1987 with the theory of the influ-
ence of faults and laminae on fracture morphology proposed by N.R. Warpinski et al. [11],
and in recent years, for the development process and morphology of reservoir fractures,
Weng et al. [13] based on the UFM model, R. Wu et al. [14] based on the two-dimensional dis-
placement discontinuity method, Zhang Shicheng et al. [15] based on true triaxial fracturing
experiments, and Zhao Jinzhou et al. [16] based on fracture mechanics were simulated and
studied; The study of proppant transport in fractures can be traced back to the physical sim-
ulation experiments conducted by Kern et al. using flat plates in 1959. The more common
methods in recent years include physical and numerical simulations. Physical simulation
methods include the studies conducted by Li Liang [21], Zhang Jing [22], Huifeng [23]
and Wen Qingzhi et al. [24], and numerical simulation methods include those conducted
by Zhou Desheng et al. [25], Zhan Yongping et al. [26] and Zhang Mingsheng et al. [27].
Based on previous studies, it is found that few existing studies on proppant transport
during hydraulic fracturing can consider the transport of proppant in complex fracture
networks, and there is a lack of consideration of the interaction between fracturing fluid
and proppant, the flow and inter-cluster diversion of fracturing fluid and proppant in the
wellbore-fracture, and realistic dimensional geometric models. To solve this problem, a
field-scale geometric model was established for numerical simulation, and the multiphase
flow diversion law in the wellbore, the proppant placement law under different seam
network conditions, and the parameter optimization of different construction parameters
were investigated.

2. Simulation Validation

This paper is based on the CFD software Fluent for simulation (https://www.ansys.
com/products/fluids, accessed on 4 April 2023). Fluent is the most commonly used
commercial CFD software for simulating complex flows in the incompressible to the highly
compressible range. Fluent software has a wide range of applications and is not only highly
stable but also highly accurate. Through the user’s own choice of numerical algorithm, the
most stable and accurate solution can be obtained, up to second-order accuracy. Fluent
numerical simulation software enables the simulation of solid-liquid two-phase flows and,
thus, the study of fluid motion laws.

The most complex multiphase flow model in Fluent, the Eulerian model, is used in
this paper; and the model in this paper is a fully turbulent state. In conjunction with this
study, the fluid is flowing with an initial velocity in the horizontal direction, in addition to
gravity perpendicular to the direction of fracture extension. The liquid-solid phases will be
confused with each other in the model rather than just sliding against each other, so the
standard k-¢ turbulence model (Standard k-¢) was chosen.

2.1. Equation Used in Simulation

The equations for the Euler model and the Stand k-¢ turbulence model chosen in this
paper are shown below.

(1) Euler model

The model is dominated by the volume fraction equation, the mass conservation
equation and the momentum conservation equation.
(@ The volume fraction equation
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The g-phase volume fraction V; is calculated as:

V, = / wagdV 1
q . q ( )
Where ﬂéq iS determined by the following equation:

22:1 ag =1 @

@ The mass conservation equation
The equation for the conservation of mass in phase q is:
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—
where, v,—velocity of phase q;
mp;—mass transferred from phase p to phase g, 11, in the same way;
(® The momentum conservation equation
The conservation of momentum equation for phase g is:
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where, ?q—the stress-strain tensor of the g phase;
— — — — —
Fq, Fiiftg, Fuwig Fomg, Fiag—g-phase volume force; g-phase buoyancy, lift force;

g-phase wall action force; g-phase imaginary mass force; g-phase turbulent dispersion force;
—
R p;—interphase forces;

(2) Standard k-¢ turbulence model

The model is mainly controlled by the transport equations and other constants.
@ The transport equations

I (n+5)2%
o) k) 2 (rtE) 3 -
o (p+b)2e 2
o) aen) (1t E)E] .
ot o ax; +C18E(Gk+G3£Gb) Czep? (6)

where, k—turbulent kinetic energy;

Gy—turbulent kinetic energy generated by the mean velocity gradient;

Gp,—turbulent kinetic energy generated by buoyancy;

Yp—contribution of pulsating expansion to the total dissipation rate in compressible
turbulent flows;

C1¢, Cre—constants;

0¢, 0y—turbulent Prandtl number;

@ Turbulent viscosity models

k2
Ht = PCV? (7)

where, C;,—constant;
Common values for the constants in the above equations are Cz, = 1.44, Cy, = 1.92,
Cy =0.09, 0. =1.3 and 0} = 1.0.
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2.2. Validation of Simulation Results against Experimental Results

The validity of the simulation method can be carried out by comparing the results
with the physical simulation experiments conducted by YP Zhan et al. [26], as shown in
Figures 1 and 2.

(a) Main fracture (b) Secondary fracture
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Figure 1. Numerical simulation of sand dike morphology within the primary and secondary fractures.
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Figure 2. Height distribution of experimental sand dike (left) and comparison of numerical simulation
sand dike height (right).

By comparing the experimental results with the fracture profile from the numerical
simulation, Figure 1, it can be seen that the overall morphology of the sandbanks is relatively
similar. As can be seen from Figure 2, the equilibrium height of the sandbank formed by
proppant settlement under experimental conditions is 0.46 m, while in the numerical model
validation results, the sandbank equilibrium height is 0.52 m. The difference may be due
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to the situation that with the same displacement, all of the proppant in the numerical
simulation entered the fracture, whereas in the physical experiments, due to the need
to pass through the pipeline before entering the fracture, this may have resulted in the
proppant being left in the pipeline and not all entering the visible fracture device, resulting
in slightly higher results in the numerical simulation tests than in the physical experiments.

3. Proppant Transport in The Wellbore
3.1. Methodology: Simulation Modle and Parameter Settings

A horizontal wellbore model is established, the modeling schematic is shown in
Figure 3, and its specific simulation parameters are shown in Table 1.

Figure 3. The modeling schematic of the wellbore.

Table 1. The setting of model and calculation parameters.

Parameters Values Parameters Values
Horizontal well section length 65m Diameter of wellbore 118.62 mm
Mass fraction of proppant 12% Inlet Displacement 12 m3/min

Fracturing fluid density 1100 kg/m3 Proppant diameter 0.8 mm
Fracturing fluid viscosity 5mPa-s Proppant density 1650 kg/m3

Gravitational acceleration —9.81 m/s? Cluster spacing 15m
Outlet pressure 55 MPa Wall roughness height 32 pm
Perforation diameter 10 mm Number of clusters 6

The grid encryption is laid out in variable density, with a grid accuracy of 0.03 at the
borehole section, 0.01 at the perforation section and 0.005 at the perforation depth. The
Eulerian multiphase flow model was used to simulate the two-phase flow in the wellbore,
with the velocity inlet set at the entrance of the horizontal well and the inlet velocity
obtained according to the initial discharge required for each group of calculations; the
pressure outlet was set at the exit of each of the four clusters of horizontal good injection
holes, with the pressure is the formation rupture pressure, which in this case is 55 MPa
based on the geological background of the target block.

3.2. Discussion and Conclusions of Simulation Results
3.2.1. Proppant Distribution in The Wellbore

The simulation results were collated, and the volume fraction of proppant contained
in the wellbore at each cluster location profile at the simulated flow time of 5 min was
analyzed first, as shown in Figure 4. In Figure 4, the higher the volume fraction of the
support agent, the darker the colour, from small to large in the order of blue, green, yellow
and red.
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Figure 4. Transition diagram of sand concentration distribution in cross-section in the wellbore.

As can be seen from the transitional trend of the proppant concentration distribution
in each cluster in Figure 4, the proppant concentration is at a low level in the two clusters at
the heel end, and the proppant concentration in the middle three clusters is not too different
but higher than at the heel end, and the proppant concentration in the first cluster at the
toe end shows that more severe deposition has occurred.

3.2.2. Solid and Liquid Phase Flow Distribution of Each Cluster

For the purpose of collation, good horizontal simulations were re-run for four of the
perforation clusters while keeping other parameters constant, and the cumulative solid and
liquid phase outflow mass data for each cluster at a simulated flow time of 30 min were
collated and analyzed, as shown in Figures 5-7.

Mass flow rate distribution of mixed phasein each perforation cluster

at a viscosity of S mPa-s fracturing fluid at a flow time of 30 min
(%)
2508

2506
2504

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Figure 5. Distribution of mass flow rate of mixed-phase in each perforating cluster with 5 mPa-s
fracturing fluid flowing time of 30 min.

Mass flow rate distribution of fluid phase in each shot cluster at a

% )viscosity of S mPa-s fracturing fluid at a flow time of 30 min
280
260

240
220
180

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Figure 6. Distribution of mass flow rate of the liquid phase in each perforating cluster with 5 mPa-s
fracturing fluid flowing time of 30 min.
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Mass flow rate distribution of solid phase in each shot cluster at a
viscosity of § mPa-s fracturing fluid at a flow time of 30 min
(%)

oLV

400
B

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Figure 7. Distribution of mass flow rate of solid phase in each perforating cluster with 5 mPa-s
fracturing fluid flowing time of 30 min.

According to the mixed-phase mass flow rate distribution of each cluster (Figure 5), it
is found that the mixed-phase flow rate of clusters 1 to 4 tends to decrease and then increase
in the wellbore; the solid and liquid phases have the highest flow rate at the entrance of
the wellbore and at the end of the wellbore, while the flow rate of the middle cluster is
lower; according to the liquid-phase mass flow rate distribution of each cluster (Figure 6),
it is found that the liquid-phase mass flow rate tends to increase along the wellbore from
the entrance to the end of the wellbore. The solid phase mass flow rate tends to decrease
along the wellbore from the inlet to the end of the wellbore, which should be due to the
situation that the perforation clusters are not blocked, and deposits are formed at the
end of the wellbore, which is why the mixed phase mass flow rate in cluster 1 increases.
This conclusion corresponds to the solid phase content of the profile at each cluster of
the wellbore.

As a result, the proppant will form deposits inside the wellbore near the toe end
cluster, which will result in a relatively low mass of proppant entering the toe end fracture,
and a high solid phase flow rate in the heel end cluster of the wellbore, which will result in
a high dose of proppant entering the heel end fracture.

4. Wellbore-Complex Fractures Network Proppant Transport
4.1. Geological Parameters Research

The simulation was carried out in the context of a Carboniferous reservoir in a block
in China, so some geological parameters were investigated and applied.

The Carboniferous reservoir in this area is located approximately 14 km northeast of
the city of Karamay, bounded by the North Heilianshan Fault to the northwest and the
Karamay Fault to the southeast, with a length of approximately 11 km from east to west
and a width of approximately 3 km from north to south.

Lithologically, the Carboniferous System in this area is mainly a set of dark grey and
dark grey-green basaltic volcanic rocks, with the main lithologies being: basalt, altered
basalt, volcanic breccia, volcanic breccia lava and andesite. Basaltic lithologies are the main
lithologies in this area, and according to the deep Carboniferous imaging logging data, the
thickness of basaltic lithologies accounts for 57.3% of the deep Carboniferous drilling and
uncovering thickness.

In terms of reservoir physical properties, according to the core data, the basalt reservoir
has an average porosity of 6.2% and permeability of 1.25 mD; the volcanic breccia reservoir
has an average porosity of 9.7% and permeability of 1.8 mD, which is a low-porosity,
extra-low-permeability reservoir. As the distance from the top of the Carboniferous System
increases, the reservoir’s physical properties gradually deteriorate, as shown in Figure 8.

In terms of reservoir space types, the Carboniferous reservoir space is a dual pore-
fracture medium type. The pore types are mainly intergranular pores, intergranular solution
pores, solution pores, pore residual pores and microfractures, as shown in Figure 9. The
fracture types are mainly oblique intersections, reticulation joints, filling joints, straight
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split joints and induced joints. Based on the observation of a core from a well in the block,
most of the different types of fractures are filled with calcite, siliceous and chlorite.

Porosity(%)
0 5 10 15 20 25
0 FNIARTERLE X 2NN e o .4t
* Lo o
* *
*
200
* * *
+ ‘e o8 P e e SN 4 *
LD+ » . +
400
LA 24
600
> 0 * * *
800

Distance to top of Carboniferous reservoir(m)

Figure 8. Porosity scatter diagram at different distances from the top of the carboniferous reservoir.

Zeolite microscopic soluble pores in Flsicintracrystalline.
amygdaloidal stomata solution holes

Figure 9. Thin section of carboniferous reservoir core in the target block.

4.2. Simulation of Proppant Distribution within Fracture in a General Fractures Network

This subsection simulates and discusses the distribution of proppant within fractures
in a general fracture network

4.2.1. Methodology: Simulation Modle and Parameter Settings

Modeled the wellbore-complex fractures network, divided into three levels of fractures,
and there are 3 clusters in total. The specific modeling situation and parameter settings are
shown in Figure 10 and Table 2. In Figure 10, the green colour is the boundary line of the
model and the yellow part is the colour of the mesh after the 3D model has been meshed.
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Figure 10. Schematic diagram of the wellbore-tertiary fracture model.

Table 2. The setting of model and calculation parameters.

Parameters Values Parameters Values
Cluster spacing 20m Secondary fracture width 4 mm
Half main fracture length 90m Tertiary seam width 3mm
Half secondary fracture length 20m Fracture angle 90°
Half tertiary seam length 20m Fracturing fluid viscosity 5 mPa-s
Main fracture width 6 mm Displacement 12 m3/min
Main fracture height 30m Diameter of wellbore 118.62 mm

The gridding was carried out using Gambit software v.2.2. and according to a simple
to a complex pattern. The fracture is closer to the wellbore-fracture coupling; the higher the
grid accuracy and the greater the number of grids. The furthest point of the fracture was
meshed at 0.2, the wellbore at 0.05 and the rest of the fracture was meshed between 0.2 and
0.05. Hex/Wedge meshing was used at the wellbore, and Hex meshing was used for the
majority of the fractures.

4.2.2. Discussion and Conclusions of Simulation Results

The distribution of proppant within each main, secondary and tertiary fracture is
collated, and the situation is shown in Figure 11.

Volume fraction
(phase-2)
6.29x 101

' 5.35% 107!

Cluster 1 main fracture Cluster 1 secondary fracture Cluster 1 tertiary fracture

4.41x 10!

3.46> 1071

2 57 b4 _I_I:l'l Cluster 2 main fracture Cluster 2 secondary fracture  Cluster 2 tertiary fracture

1.57x 107! ’

6.20x 102

D Cluster 3 main fracture Cluster 3 secondary fracture Cluster 3 tertiary fracture

Figure 11. Distribution of proppant within each cluster of primary, secondary and tertiary fractures.
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As can be seen from the simulation results in Figure 11, there are differences in the
proppant distribution in each cluster of fractures within the three-stage fracture model,
with the highest proppant concentration in the first cluster of fractures near the entrance
and the lowest proppant concentration in the third cluster of fractures at the end of the
wellbore. This conclusion is consistent with that obtained from proppant simulations within
the wellbore.

And it can be seen in Figure 11 that the proppant mainly enters into the main fracture,
the proppant placement in the secondary fracture is much less than in the main fracture,
there is only little proppant distribution in the tertiary fracture, the specific data of the
cumulative volume flow rate of proppant in each cluster of fractures are shown in Figure 12.

Cumulative 40% 1 38%
flow rate of
each cluster
/% 35% A
proppant/ /o 31% B Main fracture
30% A MSecondary fracture

W Tertiary fracture
25% A

20% 4

15% -

10% A

5% -

0% -

Cluster 1 Cluster 2 Cluster 3

Figure 12. The cumulative flow rate of each cluster proppant.

From the cumulative flow rate of proppant into each cluster of fractures in Figure 12,
it can be seen that the cumulative volume ratio of proppant in clusters 1, 2 and 3 within the
main fracture is approximately 2.7:2.2:1; the cumulative volume fraction of proppant in
clusters 1, 2 and 3 within the secondary seam is 3.5:1.5:1, and the cumulative volume ratio
of proppant within the tertiary seam is 2:1:1. Between clusters, the non-uniform trend of
proppant within the main fracture, within the secondary fracture and within the tertiary
fracture becomes more and more obvious.

4.3. Simulation under Different Complex Fractures Network Conditions

This subsection simulates and discusses the distribution of proppant within the frac-
ture for a variety of fracture network conditions.

4.3.1. Methodology: Parameter Settings

A number of different fracture networks are modeled; the angles between the main and
secondary fractures and between the secondary and tertiary fractures are shown in Table 3.

The simulations are shown in Figure 13.

The results of many models are consistent with the conclusion that the proppant is
more likely to be distributed in the heel-end fractures and that the proppant fraction in
the branch fractures decreases with the stage of fracture increases, all conforming to the
previous conclusions.
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Figure 13. Sand concentration distribution in fractures with 10 different models.
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Table 3. Model modeling scheme table.

Fracture Level Stage/Clusters Cluster Spacing/m Fractures Angle/°
2 1/3 20 15
2 1/3 20 30
2 1/3 20 45
2 1/3 20 60
2 1/3 20 75
2 1/3 20 90
3 1/3 20 15/90
3 1/3 20 30/90
3 1/3 20 45/90
3 1/3 20 60/90

4.3.2. Discussion and Conclusions of Simulation Results

In conjunction with the previous conclusions, the proppant distribution and proppant
flowlines within the wellbore in the simulation results are viewed; the results are shown in
Figure 14. In this figure, the number of 1, 2, 3 indicates the location of the perforation clusters.

Volume fraction
(phase-2)
6.29_x 101

5.35% 1071

4.41x 101

3.46> 101

2.52x 101

1.57% 10

6.29% 10

0 o

Volume fraction
(phase-2)

6.29x 10!
5.35x 107

4.41x 10!

346> 101

2.52x 101

1.57% 10! s |
. | o ¥
6.20% 102 s
;

0 o

Figure 14. Proppant distribution (Above) and Flowline distribution of proppant (Below) in the wellbore.
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According to Figure 14, it was found that the proppant formed a high-concentration
distribution zone in the wellbore between the second and third clusters, which impeded
further proppant flow and made it more difficult for the proppant to flow to the toe end
side. Subsequent numbers of newly injected proppant then entered the first fracture more
often. As the injection time increases, proppant transport gradually stabilizes, and the
proppant concentration in the heel-end fracture is significantly higher than that in the
toe-end fracture.

5. Parameter Optimisation Analysis

A general wellbore-main fracture model with 3 clusters is established and used to carry
out sensitivity analysis of pumping displacement, fracturing fluid viscosity and proppant
particle size during fracturing, and to carry out parameter optimization.

5.1. Basic Parameter Settings

The model geometry is a wellbore and multi-cluster fracture, and the model dimen-
sions are the same as the actual construction. The specific parameter settings are shown in
Table 4.

Table 4. The setting of model and calculation parameters.

Parameters Values Parameters Values
Cluster spacing 25m Outlet pressure 55 MPa
Stage length 100 m Fracturing fluid viscosity 1mPa-s
Half fracture length 75m Displacement 10 m3/min
Fracture height 25m Proppant diameter 0.3 mm
Fracture width 6 mm Proppant mass fraction 12%

5.2. Optimization of Pump Displacement

The pumping displacement is one of the important factors affecting proppant transport
during proppant settlement. On the basis of the parameters, a controlled variable method
was used to simulate and compare the effect of different displacements on proppant
settlement under clear water fracturing conditions at four displacements of 8 m3/min,
10 m3/min, 12 m®/min and 14 m3/min. The resulting data are collated as shown in
Figures 15 and 16.

Cumulative 700,
volume flow
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proppant/%

50%
40%
30%
20%
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0%

63% B Cluster 1

B Cluster 2

54%

B Cluster 3

8 m3/min 10 m3/min 12 m3/min 14 m3/min
Displacement

Figure 15. The cumulative flow rate of each cluster proppant at variable displacement.
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Figure 16. The cumulative flow rate of the liquid phase in each cluster under variable displacement.

The cumulative flow rate of proppant into each fracture cluster in Figure 15 shows
that the proppant volume ratio in the three fracture clusters is approximately 5.25:2.1:1
at 8 m3/min displacement, 3.2:1.7:1 at 10 m3/min displacement, 2.3:1.4:1 at 12 m3/min
displacement and 1.9:1.5:1 at 14 m?®/min displacement. The cumulative flow of fluid
into each fracture cluster in Figure 16 shows that the proppant volume ratio in the three
fracture clusters is approximately 1:1.7:2.1 at 8 m®/min displacement, 1:1.3:1.8 at 10 m3 /min
displacement, 1:1.4:1.7 at 12 m3 /min displacement and 1:1.2:1.3 at 14 m®/min displacement.

The distribution of proppant and fluid intake within each cluster fracture is greatly
improved with increasing displacement, and the distribution of proppant and fluid intake
within each cluster fracture is more uniform at larger displacements. In summary, the
use of a high displacement results in a higher concentration of proppant and a more
even distribution between clusters, which facilitates the effective support of all clusters of
fractures, and therefore a displacement of 14 m? /min is recommended.

5.3. Optimisation of Fracturing Fluid Viscosity

On the base parameters, simulations are carried out to compare the effect of four
fracturing fluid viscosities, 1 mPa-s, 5 mPa-s, 10 mPa-s, 20 mPa-s and 80 mPa-s, on the
proppant placement effect through using the controlled variable method. The resultant
data are collated as shown in Figure 17.

As can be seen in Figure 17, there is no clear linear relationship between the increase in
fracturing fluid viscosity and the distribution of proppant within each cluster. In contrast,
the proppant distribution ratio between clusters is more balanced for 1 mPa-s and 5 mPa-s
viscosities. However, the sandbank placement height in the fractures is limited at low
viscosities, as shown in Figure 18.

In summary, considering the proppant placement effect and the proppant distribu-
tion ratio between clusters, it is considered that the 5 mPa-s viscosity fracturing fluid is
more effective.
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Figure 17. The cumulative flow rate of each cluster proppant at variable viscosity.
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Figure 18. Proppant distribution under 1 mPa-s and 5 mPa-s fracturing fluid viscosities. The left
figure shows the simulation for 5 min, and the right figure shows the simulation for 10 min.

5.4. Optimisation of Proppant Particle Diameter

The particle size composition of the proppant determines the support effect of the
proppant in the fracture and the level of fracture conductivity. Fractures filled with larger
particle size proppant have higher permeability and better conductivity but also have
problems with large particles, difficult transport and easy sand blockage [27]. Therefore
for the preferential selection of proppant in complex fractures, the influence of proppant
particle size on the proppant transport effect must be taken into account.

On the base parameters, simulations are carried out to compare the effect of four
proppant particle sizes, 20 mesh, 20/40 mesh, 40/70 mesh and 70/140 mesh, on the
proppant placement effect using the controlled variable method. The resultant data are
collated as shown in Figures 19 and 20.
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Figure 19. The cumulative flow rate of each cluster proppant at variable particle size.
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Figure 20. The cumulative flow rate of the liquid phase in each cluster under variable particle size.

5.5. Optimisation of Sand Ratio

The effect of sand ratio on proppant particle settling is mainly manifested in two
aspects: a high sand ratio is equivalent to injecting more proppant, and the more sand
ratio increases, the more obvious the interparticle interference settling phenomenon; on
the other hand, an increase in the sand ratio is equivalent to increasing the density and
viscosity of the fracturing fluid, and the settling rate of proppant will decrease with the
increase in viscosity of the fracturing fluid. The sand ratio has less influence on the overall
laying pattern of the proppant sand dike but has more influence on the time to reach the
equilibrium height of the sand dike and the height of the leading edge of the sand dike.

As the Eulerian model is used for the calculations, changing the sand ratio with a
constant pump displacement is equivalent to changing the volume of the proppant injected.
Comparing the 8%, 12%, 15% and 20% sand ratios, the results in Figure 21 show that the
sand ratio has a greater effect on the equilibrium height of the sand dike, with higher
sand ratios having a higher equilibrium height of the sand dike in each cluster within the
fracture, while higher sand ratios are more likely to settle at the bottom. The proppant
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within each cluster of fractures tends to enter the main fracture in the first cluster near the
well, with a large difference in proppant concentration between clusters.

Volume fraction
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Figure 21. Proppant distribution under different sand ratios, the left figure shows the simulation for
5 min, and the right figure shows the simulation for 10 min.
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At the same time, the sand ratio is calculated to have little effect on the proppant
distribution ratio within each cluster. The proppant concentration ratio in each cluster is
approximately 2.8:1.8:1. Therefore, a 12% sand ratio was used in the fracturing design,
taking into account the economics and placement effect.

5.6. Comparison of the Practical Application of Optimised and Conventional Parameters

Based on the study of the factors influencing proppant transport, the fracturing design
of the target block was optimized by combining the effects of different fracturing process
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parameters on proppant transport. A combination of quartz sand proppant, 70/140 mesh
proppant and 5 mPa-s viscosity slick water fracturing fluid was used to optimize the
fracturing design for the three wells in the target block. The fracturing in the target block
was carried out at a discharge rate of 12-14 m3/min, with a maximum sand concentration
of 280 kg/m3 and an average sand ratio of 12%, with a 100% fracturing success rate. The
fracturing design parameters for the three wells in the target block are shown in Table 5.

Table 5. Fracturing design parameter.

Well Displacement Average Sand Ratio Total Sand Volume Total Liquid Volume Sand to Liquid
(m3/min) (%) (m3) (m3) Ratio (%)
Al 12~14 11.9 1215 16,400 13.5
A2 12~14 12 1110 18,200 16.4
A3 12~14 12.3 1780 30,100 16.9

The target block reservoir is influenced by natural fractures and the characteristics of
the Carboniferous reservoir, and the post-pressure production capacity varies greatly. The
daily oil production in this well area ranged from 4.2 to 56.2 t/d at 300 days post-pressure,
with an average of 26.03 t/d.

From Figure 22, it can be concluded that the three wells A1-A3 fractured with opti-
mized parameters and produced an average of 26.03 t/d of oil per day, while the three
wells B1-B3 fractured with conventional fracturing produced an average of 19.33 t/d of oil
per day, an increase of 34.7%. The fracturing design by complex fracture proppant transport
simulation and parameter optimization has achieved a good production increase.

60.0 _Average daily oil

production after 6.2
fracturing t/d(300d)
50.0
39.8
40.0
30.0
200 F 17.7
14.9
100 |
0o LIl ||
Al A2 A3 B1 B2 B3
Well

Figure 22. Comparison of post-flood production of optimized oil wells and conventional fracturing
oil wells.

6. Conclusions

(1) The simulation results concluded that the sand and fluid inside the horizontal wellbore
during fracturing had a variable mass flow pattern with asynchronous distribution,
and the proppant accumulation phenomenon inside the wellbore formed by this
pattern led to the uneven distribution of proppant inside the fracture. The specific
situation is as follows: The distribution of proppant and fluid inside the horizontal
wellbore was not synchronized during fracturing, with the liquid phase gradually
decreasing from the heel end to the toe end and the solid phase gradually increasing
from the heel end to the toe end; the proppant formed deposits on the toe end side of
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the wellbore, causing poor proppant circulation, resulting in less proppant entering
the toe end side of the fracture and more entering the heel end side of the fracture.

(2) The simulation results conclude that the location of the perforation clusters and
the number of fracture stages during fracturing have an important influence on the
proppant distribution. The specific situation is as follows: During fracturing, the
fracture proppant at the heel side of the complex fracture network was higher, and the
fracture proppant at the toe end was lower, which is consistent with the findings of
the in-bore simulation.

(3) The preferred parameters derived from the simulations have been applied in real-life
fracturing projects; it obtained substantially better production rates than the produc-
tion of those wells, which are constructed with conventional fracturing parameters.
Preferred parameters include pumping displacement, fracturing fluid viscosity, prop-
pant particle size and sand ratio. 14 m®/min, 5 mPa-s, 40/170 mesh and 12% sand
ratio were identified as the preferred construction parameters.
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