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ABSTRACT

Hydraulic fracturing technology has been widely used in the development of low-permeability oil
fields, gas fields, and coalbed methane. The morphology of the sand dike formed by proppant
deposition in the fracture determines the effective shape of the fracture, the effective volume, the
flow conductivity, and the validity period of the fracture, and the research on the proppant transport
law in the fracture is of great significance in optimizing the fracturing construction parameters and
improving the fracturing production increase effect. In this paper, a systematic study on the proppant
transport law in hydraulic fracturing fracture is carried out by numerical simulation, which reveals the
mechanism of proppant settling and transport, clarifies the proppant transport and placement law
under different working conditions, and puts forward the optimization strategy of hydraulic fracturing
process on the basis of this study.
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1. INTRODUCTORY

At present, it is an urgent challenge to substantially increase the output of a single well of coalbed
methane (CBM). Coalbed methane reservoir is a dual-structured pore system composed of pores and
fractures, which is characterized by a low-permeability porous medium[1]. The small pore size and
large number of coal matrix pores are the main contributors to the pore specific surface area, which
provides sufficient space for CBM storage[2]. The fracture system of CBM reservoirs is the main
channel for fluid penetration in coal. Hydraulic fracturing utilizes a high-pressure pumping unit on
the surface to pump fracturing fluid into the bottom of the well at a displacement that far exceeds the
suction capacity of the formation, and then hold the pressure at the bottom of the well to generate
high pressure, which causes fractures when the pressure exceeds the ground stress and tensile strength
of the rock[3-6], and then pumps sand-carrying fluid with proppant in accordance with a certain sand
ratio, which expands the formed hydraulic fracture forward and effectively supports it, and then, when
the fracturing construction is finished, the fracture is closed on the proppant, forming a fracture with
a proppant in the formation, and then a fracture with the proppant in the formation. After the fracturing,
the fracture closes on the proppant, forming sand-filled fractures with high inflow capacity in the
formation, thus realizing the increase of production and injection of oil and gas wells[7-10]. The
settlement and transportation of proppant has an important influence on the activation of natural
single fractures and the formation of complex fracture channels to a certain extent, and the formation
of artificial fractures through effective proppant placement is an important criterion for measuring
the effectiveness of fracturing construction[11-14], and the sand placement pattern of proppant in the
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fracture has a direct influence on the flow-conducting capacity of proppant fractures[15,16].
Therefore, it is very necessary to study the settlement and transportation law of proppant within single
and complex cracks.

Based on the above, this paper adopts the research method of numerical simulation to study the
transportation law of proppant in single and complex cracks. Fluent numerical simulation software is
used to study the placement of proppant under different reservoir pressures, to establish a model for
solving the change of fracture inflow capacity caused by different conditions, and to further
understand the factors affecting the placement of proppant and fracture inflow capacity, so as to
provide theoretical guidance for the optimization of hydraulic fracturing scheme and field
construction.

2. SIMULATION METHODOLOGY AND MODELING
2.1. Mathematical model

Multiphase flow is a flow and heat exchange process in which one fluid and another (or more)
immiscible fluid or solid mix with each other in a certain flow region. In this paper, a proppant
transport model is developed to simulate the process of fracturing fluid carrying proppant transporting
and settling in the fracture. The Eulerian model is used to track the movement state and settlement
distribution law of the proppant in the solid-liquid two-phase flow process!'”.

Based on the theory of fluid mechanics, the law of conservation of mass and energy must be obeyed
during the movement of fluid[18-20].

(1) mass conservation equation
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where a is the volume fraction, m/s; p is the density, kg/m?; v is the velocity, m/s; t is the time, s; and
in the subscript 1 is the liquid phase and s is the solid phase.

(2)conservation of momentum equation
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Where: p is the partial pressure, Pa; c is the shear stress tensor, Pa; g is the gravitational acceleration
taken as 9.8 m/s%; B is the interphase momentum exchange coefficient, kg/(m?-s).
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2.2. Model building

(1) geometric model

inlet — /—\_/\ outlet §

A single crack

B Complex cracks

Figure 1. Design of 2 types of morphological cracks

The numerical model is based on common complex intersecting cracks and simulates cracks with
different morphologies, including single cracks and complex cracks. The single crack size is 1200
mm x 5 mm x 2 mm (Fig. 1A); the complex crack has a primary crack size of 1200 mm x 5 mm x 2
mm (black), a secondary crack of 600 mm x 40 mm X 1.5 mm (red), a tertiary crack of 400 mm x 30
mm X 1.2 mm (green), and a tertiary crack of 200 mm % 20 mm x 0.8 mm (blue) (Fig. 1B). The left
side of the crack is the inlet of sand-carrying fluid, and the right side is the outlet.

(2) Grid division

The geometric model is divided using hexahedral structured mesh using the pre-processing software
Mesh, and the crack mesh division is shown in Figure 2. The number of grid nodes for single crack
division is 255883, and the number of cells is 112173 1; the number of grid nodes for complex crack
division is 532418, and the number of cells is 2199685.
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Figure 2. Schematic diagram of crack mesh delineation
2.3. Simulation area and parameter setting

To establish the model of proppant transport in the crack, the Eulerian multiphase flow model is
chosen to simulate the particle flow by treating the proppant as a proposed fluid. It is assumed that
the wall surface is smooth, the temperature is constant and the wall pressure is variable. The k-¢
turbulence model is used to describe the flow of the proppant inside the fracture, and the fracture
interior is set to be filled with fracturing fluid, and the Simple algorithm is used to solve the pressure
and velocity coupling field, with the pressure in the standard discrete format, and all others in the
first-order discrete format. The setup simulation parameters are shown in Table 1.

Table 1. Engineering parameter setting table

Displacement Fracturing fluid Sand ratio /% Wall pressure Proppant
/(m-s-1) viscosity /(mPa-s) /(MPa) density/(kg'm-3)
6 1 6 5
8 2 8 10 2600
10 3 10 15

3. RESULTS AND ANALYSIS

3.1. Crack morphology
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Figure 3. Single crack proppant volume fraction distribution
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Figure 4. Complex crack proppant volume fraction distribution

In order to study the influence of different fracture morphology on proppant transportation, the
viscosity of fracturing fluid was set at 1 mPa-s, the displacement at 10 m/s, the density of proppant at
2660 kg/m?, and the sand ratio at 8%, and the experiments of proppant in a single fracture and a
complex fracture were carried out respectively. Comparing the distribution characteristics of proppant
in different cracks, it is found that the crack morphology has a significant effect on the proppant
transportation law.

Among them, the distribution of proppant within a single crack is uniform, and the distribution of
proppant volume fraction in a single crack is shown in Fig. 3. According to the observation of the
simulation process, the turbulence effect near the crack entrance at the pumping time of 10s causes
multiple vortices, which suspends the particles in the crack, and eventually forms a sand-free zone at
the front end of the crack. At 15s the proppant accumulation increases, the proppant is subject to the
blocking effect of the wall at the turn, the channel narrows, the collision with the wall increases, etc.
and causes stall settlement, which leads to the formation of a proppant aggregation region. As the
height of the sand dike increases, the proppant is transported forward by the buoyancy of the sand-
carrying liquid in the vertical direction and the drag force in the horizontal direction, and the height
of the sand pile stops growing, i.e., it reaches the equilibrium height, when the amount of deposition
at the top of the sand dike is balanced with the volume carried by the sand-carrying liquid erosion.

The formation process of sand dike inside the crack in complex cracks is the same as in single cracks,
as shown in Fig. 4. When the pumping time is 12s, the proppant will be carried into the branch cracks
under the liquid carrying effect, but the quantity is small. With the deposition of proppant in the main
crack, the height of the sand bank increases, and after reaching the equilibrium height, the proppant
starts to enter the branch crack under the effect of fluid carryover, particle rolling, and suspension
state transport. At 18s, the proppant can be seen passing through the branch cracks, which is hindered
by the steering of the crack channel, resulting in the reduction of the flow rate of the sand-carrying
fluid and its impact on the crack wall in the process of transportation and stalled settlement, and then
the sand dike is formed. When the time is 24s, the proppant in the branch crack reaches the
equilibrium height and starts to transport to the secondary branch. This is due to the fact that the
proppant slides along the surface of the sand dike to fill the deeper part of the branch cracks, thus
increasing the effective length of the branch cracks, which leads to the fact that the branch cracks that
are closer to the entrance of the main crack are filled better than the branch cracks that are located
farther away from the entrance of the main crack.

Combined with the above analysis, it is believed that it is relatively easy to place the proppant in the
first-stage branch fractures connected to the main fractures, while it is more difficult to enter the
second-stage and higher-stage fractures for filling, and when the branch fractures are filled to a certain
extent, the flow resistance will prompt the proppant to extend in the main fractures mainly, which
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indicates that the multi-stage branch fractures greatly increase the flow resistance of the proppant in
the fractures, and the fracturing process of complex fractures should be adopted as much as possible
when fracturing at the site. Large displacement should be used as much as possible.

3.2. Sand ratio
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Figure 5. Proppant volume fraction distribution under different sand ratios in single fracture
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Figure 6. Proppant volume fraction distribution under different sand ratios in complex fracture

In order to study the effect of sand ratio on proppant transportation, the viscosity of fracturing fluid
was set at 1 mPa-s, the displacement was 8 m/s, the density of proppant was 2660 kg/m3, and the
sand ratios were set at 6%, 8%, and 10%, respectively. Comparing the distribution characteristics of
proppant in the cracks under different sand ratios, it was found that the proppant laying patterns in
the cracks corresponding to different sand ratios were relatively similar.

From Fig. 5, it can be seen that under the same displacement, the morphology of the sand bank formed
by the three sand ratios is basically the same, and the difference in equilibrium height is not significant.
When the fracturing fluid carries the proppant into the fracture, under the action of gravity, the
proppant particles gradually settle and accumulate, forming a sand dike. With the increase of sand
ratio, the number of proppant particles per unit volume increases, which is equivalent to increasing
the viscosity of sand-carrying fluid. The mutual interference between particles becomes stronger,
resulting in a decrease in the horizontal transportation speed of particles and a decrease in the settling
speed, which ultimately leads directly to a decrease in the flow rate of single particles, a decrease in
the settling speed, and a decrease in the settling volume. On the other hand, due to the increase of
sand concentration in the sand-carrying liquid, the amount of proppant deposition increases.
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Therefore, the proppant deposition patterns in the cracks corresponding to different sand ratios are
relatively similar. Comparatively speaking, the equilibrium height of the sand dike is higher when the
sand ratio is set to 10%, which is more conducive to improving the fracture inflow capacity.

As shown in Fig. 6 under the same conditions, the main crack and the single crack in the complex
crack are similar, and the proppant placement patterns corresponding to different sand ratios have
little effect. When the sand ratio is set to 10%, the amount of proppant entering the branch crack, the
laying area and the distance increase significantly, which is due to the narrower width of the branch
crack wall, the increase in the number of proppant entering the crack per unit time, increasing the
viscosity of the sand-carrying liquid, increasing the collision between the proppant particles as well
as the particles and the wall, and the frictional resistance increases so that the more the proppant
settles down. From the simulation results, it can be seen that due to the increase in the volume fraction
of proppant, the proppant interaction in the branch fracture is enhanced, and more proppant particles
enter the branch fracture. However, in order to prevent fracture blockage caused by too high sand
ratio during early pumping, it is recommended to increase the sand ratio appropriately to improve the
proppant efficiency during construction.

3.3. Fracturing fluid viscosity

Figure 8. Proppant volume fraction distribution under different viscosity conditions in complex fracture

In order to study the effect of fracturing fluid viscosity on proppant transport, the displacement of
fracturing fluid was set at 8m/s, sand ratio at 8%, proppant density at 2660kg/m3, and the solution
with viscosity of 1mPa-s was used to simulate the active water fracturing fluid, 2mPa-s was used to

163



simulate the three-anti-fracturing fluid, and 3mPa-s was used to simulate the three-anti and one-drop
fracturing fluid.

According to Stokes' formula in Fig. 7, when active water fracturing fluid is used, the proppant is
deposited at the entrance under the influence of gravity, and the proppant transportation distance
increases with the increase of the discharge volume, showing a trend of gradual decrease in the
amount of deposition from the entrance to the exit, and the slope of the stacking shape becomes more
and more gentle and the distribution is more uniform. With the increase of viscosity, the sand-carrying
capacity increases and the sedimentation rate decreases. The proppant can be transported to the farther
end of the fracture with the fracturing fluid when the three-proof and one-down fracturing fluid is
used, indicating that the proppant transport ability is enhanced.

In complex fractures, it can be seen from Fig. 8 that with the increase of fracturing fluid viscosity,
the height of proppant in the main fracture and branch fracture decreases obviously, and the proppant
enters the tertiary fracture to form a certain volume of sand dike, and the main fracture and the
secondary fracture are well laid. The equilibrium time of the pumping process is shortened, the
proppant is more transported to the depth of the fracture, and the support range of the complex fracture
is increased and distributed more evenly. It can be seen that the nature of fracturing fluid has a certain
degree of influence on the proppant transport distance and placement pattern, so the use of three anti-
fracturing fluids can effectively increase the sand-carrying capacity of fracturing fluid to enhance the
proppant transport distance, the proppant placement area is larger, the support range is wider, the
filling of the main fracture and the branch fracture is improved, which is conducive to the effective
placement of the proppant in the fracture.

3.4. Wall pressure
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Figure 9. Proppant volume fraction distribution under different wall pressure conditions in complex
cracks

In order to study the effect of wall pressure on proppant transportation, the viscosity of fracturing
fluid was set to be 1 mPa-s, the displacement was 8 m/s, the sand ratio was 8%, the density of proppant
was 2660 kg/m3, and the wall pressures were set to be 5 MPa, 10 MPa, and 15 MPa, respectively.

The proppant volume fraction distribution under different wall pressure conditions in the complex
fracture is shown in Fig. 9. The flow-conducting ability of the fractured crack decreases with the
increase of the closure pressure, because the closure pressure will make the proppant embedded in
the wall of the crack, resulting in the increase of the particle gap, the width of the closure crack
decreases slowly with the increase of the closure pressure, the flow-conducting ability of the crack
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decreases, and it is difficult for the proppant to settle and accumulate inside the crack. The more the
proppant settles and spreads within the main crack, the larger the gap between particles. The crack
wall will affect the force on the proppant particles, which will have an interfering effect on the
proppant settlement and transportation, so that the proppant will mainly settle at the entrance of the
crack, and it will be difficult to be transported to the distal end of the crack, which will lead to a
reduction in the distance of proppant transportation, and a reduction in the equilibrium height. In
branch cracks, due to the diversion effect, the proppant transportation speed is reduced, and the energy
of sand-carrying liquid is reduced, which is also easy to cause the proppant to settle. As the wall
pressure increases, the flow resistance inside the crack increases, and the fluid pressure drop gradually
increases, which drives the wall deformation of the proppant-filled area inside the crack to increase,
and affects the overall inflow capacity of the crack. When the wall pressure is 15MPa, the proppant
is not easy to enter the branch fracture, the equilibrium height is reduced, and the proppant
accumulation at the fracture turning place is obviously reduced. Corresponding to the actual
fracturing in the field, with the increase of closure pressure, the degree of proppant embedding is
gradually obvious, and the influence on the fracture flow-conducting ability is intensified, which
affects the fracturing effect of coalbed methane wells.

4. CONCLUDE

In this paper, a numerical simulation study on the proppant transport and placement law was carried
out by using FLUENT numerical simulation software, and the simulation analysis was carried out
through four influencing factors, namely, fracture morphology, sand ratio, viscosity of sand-carrying
liquid, and wall pressure, to reveal the transport and placement law of the proppant under different
influencing factors. The main conclusions are as follows:

(1) The simulation of different fracture patterns reveals that the proppant transportation and placement
laws in the main fracture of the complex fracture are highly similar to those in the single fracture.
Compared with the single main fracture, the branch fracture within the complex fracture has a
diverting effect, and when the branch fracture is filled to a certain degree, the flow resistance will
prompt the proppant to extend mainly within the main fracture, and the multistage branch fracture
greatly increases the flow resistance of the proppant within the fracture. When hydraulic fracturing is
carried out on site, the hydraulic fracturing process of complex fractures should be carried out with
large displacement as much as possible.

(2) The simulation of different sand ratios shows that the main fracture within the complex fracture
is similar to a single fracture, and the proppant placement pattern corresponding to different sand
ratios has little effect. When the sand ratio is large, the settlement in the branch cracks at all levels is
relatively large, which is favorable to the proppant placement efficiency. However, in order to prevent
the problem of fracture blockage caused by too high sand ratio during early pumping, it is
recommended to increase the sand ratio appropriately to improve the fracture support effect during
the hydraulic fracturing construction process.

(3) Simulation of different viscosities of sand-carrying fluids shows that the increase of viscosity of
sand-carrying fluids is conducive to the increase of proppant transportation capacity, which is helpful
for the long-distance transportation of proppant. With the functions of "waterproof sensitivity, quick
sensitivity prevention, waterproof locking and low friction resistance", the three-proof and one-lower
fracturing fluid is a low-harm fracturing fluid with excellent performance, which is able to realize the
purpose of increasing CBM production and at the same time, effectively increase the sand-carrying
capacity of the sand-carrying fluid, enhance the distance of proppant transportation, so that the
proppant can be spread over a larger area with a wider range of support, and improve the effectiveness
of propping in the main fracture and branch joints. The filling of the main and branch seams of the
fracture is conducive to the effective laying of the proppant in the fracture.
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(4) The simulation of different wall pressures found that the inflow capacity of fractured cracks
decreases with the increase of closure pressure. As the closure pressure increases, the proppant is not
easy to enter into the branch cracks, the equilibrium height decreases, and the proppant buildup at the
crack steering is obviously reduced, which leads to the decrease of the fracture flow-conducting
capacity. In the actual construction, the concentration of sand spread inside the fractured crack should
be increased as much as possible to reduce the broken embedded proppant caused by the closure
pressure, so as to realize the high flow-conducting capacity inside the crack.
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