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Abstract: A numerical model of hydraulic fracture propagation is introduced for a representative reservoir (Yuanba continental tight sandstone gas reservoir in Northeast Sichuan). Different parameters are considered, i.e., the interlayer stress difference, the fracturing discharge rate and the fracturing fluid viscosity. The results show that these factors affect the gas and water production by influencing the fracture size. The interlayer stress difference can effectively control the fracture height. The greater the stress difference, the smaller the dimensionless reconstruction volume of the reservoir, while the flowback rate and gas production are lower. A large displacement fracturing construction increases the fracture-forming efficiency and expands the fracture size. The larger the displacement of fracturing construction, the larger the dimensionless reconstruction volume of the reservoir, and the higher the fracture-forming efficiency of fracturing fluid, the flowback rate, and the gas production. Low viscosity fracturing fluid is suitable for long fractures, while high viscosity fracturing fluid is suitable for wide fractures. With an increase in the fracturing fluid viscosity, the dimensionless reconstruction volume and flowback rate of the reservoir display a non-monotonic behavior, however, their changes are relatively small.
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1  Introduction

With the deepening of oil and gas exploration, the development of unconventional oil and gas resources has been attached equal importance to that of conventional oil and gas resources [1–4]. The world’s unconventional oil and gas recoverable resources are 5833.5 × 108 t, of which unconventional oil is 4209.4 × 108 t (accounting for 72.2%), and unconventional natural gas is 195.4 × 1012 m3 (accounting for 27.8%) (Fig. 1). Under the circumstances of shortage of conventional oil and gas resources and increasing contradiction between supply and demand, unconventional oil and gas resources are abundant and have become an effective supplement to conventional oil and gas resources. Under this circumstance, accelerating the rational and efficient development of tight gas is of great significance to ensure national energy security [5–12]. Unconventional oil and gas resources in Sichuan Province have currently been fully researched and extensively developed, among which the development of continental tight sandstone reservoir is particularly important, which is rapidly becoming the third pole of growth besides Marine carbonate conventional gas and Marine shale gas, and is an important part of increasing oil and gas reserves and production now and future [3–18].
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Figure 1: Proportion of geological reserves of unconventional oil and gas resources

Generally, tight sandstone gas reservoirs have strong reservoir heterogeneity. Hydraulic fractures tend to cross zones during fracturing and excessive vertical propagation of fractures leads to extra energy loss, which will make it hard for fractures to extend horizontally in the target zone effectively (Fig. 2) [19–28]. Under the condition of strong heterogeneous layer, the fracture propagation behavior of hydraulic fracturing not only depends on the characteristics of the target layer, but also is closely related to the mechanical properties of the upper and lower spacers. Thereby, it is considered that the stress difference between the target layer and the upper and lower spacers [29,30], the viscosity of fracturing fluid [31], and the fracturing displacement [32] are the relevant factors affecting vertical fracture propagation. However, the correlation among them has not been fully clarified [33–36]. In this article, a numerical fracture propagation model is established to study the hydraulic fracture propagation law of deep tight sandstone under different interlayer stress difference, fracturing construction displacement and fracturing fluid viscosity on the basis of comprehensive analysis of the geological characteristics, development status and low efficiency of stimulation and reconstruction of low permeability reservoir in Northeast Sichuan. Combined with reservoir numerical simulation, this paper analyzed the law of backflow, water production and gas production of tight sandstone gas reservoirs under different influencing factors, defined the fracture initiation and extension modes of continental reservoirs, aimed to establish a reasonable backflow process system to improve the reservoir reconstruction and stimulation potential of target blocks.
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Figure 2: Fracture vertical expansion under different conditions

2  Typical Reservoir Characteristics

The gas reservoir A in Yuanba area in Northeast Sichuan Province is a typical deep continental tight sandstone gas reservoir of China. The average completion depth of reservoir A is 5 km, with more than 6 km of maximum burial depth, 1.99% average porosity and 0.069 mD average permeability. Its reservoir porosity and permeability are very low, and it is a typical ultra-low porosity and permeability reservoir [37–39]. The reservoir rock types are diverse, which can be divided into conglomerate, sandy conglomerate, calcareous sandstone, conventional sandstone, siltstone, etc., among which carbonate lithic conglomerate takes up the main part of them (Fig. 3), with micro-pore----micro-roar type of pore throat type and poor structure. The whole reservoir is based on a small quantity of poor gas layer and gas bearing layer. Vertically, the gas reservoir mainly develops I + II + III sand group, and 1–3 reservoirs are developed in the single sand group. The thickness of single layer reservoir is relatively thin (0.25–10 m, with an average of 3.5 m), and the reservoir is generally characterized by fractured and fractures-pore gas reservoirs. The reservoir space mainly includes the following five types: inter-granular dissolution pores, inter-granular-inter-granular dissolution micro-pores, clay minerals and dolomite inter-granular dissolution pores, limestone caves and fractures [40–42]. Most gas wells in this area have low production, rapid decrement and poor development effect. In general, the productivity of gas reservoir A in Yuanba area of Northeast Sichuan Province is mainly controlled by favorable lithology (calcarenaceous sandstone, sandy conglomerate), reservoir thickness and fractures. The larger the reservoir thickness, the more developed the fractures and the higher the productivity.
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Figure 3: Cores and pore types of tight sand stones

3  Numerical Modeling and Verification

A numerical model of hydraulic fracture propagation was established based on the Discrete Fracture Network (DFN) model, which combined with fractured reservoir geology enabled hydraulically induced discrete fractures to initiate and extend vertical and horizontal fractures across three principal planes. The discrete fracture network can be solved based on continuity equation, mass conservation equation, constitutive relation and momentum equation [43–47].

continuity equation:


qi=∂Vfi∂t+∂Vli∂t+∑j=1N∂Vji∂t
(1)

mass conservation equation:


∫0tq(τ)dτ−Vl(t)−Vsp(t)=Vf(t)
(2)

DFN momentum equation:


dpdζ=−f2ρ⟨v¯⟩2dh
(3)

laminar flow:


dpdx=−(2n′+14n′)n′k′(q/a)n′Φ(n′)n′b2n′+1
(4)

turbulent flow:


dpdx=−f2ρq2π3a2b3
(5)

width-opening pressure constitutive relationship:


wζ=Γw2Hζ(pζ−σζ−Δσζζ)E′
(6)

where 
q
is the flow rate of discrete fractures, 
Vl
is fluid loss volume, 
Vf
is fracture volume, 
Vsp
is volume loss by spurt, 
t
is time, 
N
is total number of transverse fractures, 
p
is pressure, 
f
is Dracy friction factor, 
ρ
is density of fracturing fluid, 
ν¯
is the cross-sectional average flow velocity, 
dh
is hydraulic diameter, 
a
is ellipse major axis, 
b
is ellipse minor axis, 
k′
is consistency index, 
n′
is flow behavior index, 
Φ
is fluid loss parameter, 
ζ
is dimensionless coordinate, 
w
is fracture width, 
Γ
is generalized influence function, 
Hζ
is characteristic fracture half-dimension, 
pζ
is fracture pressure, 
σζ
is confining pressure, 
Δσζζ
is fracture induced stress field along the 
ζ
-axis, 
E′
is effective Young’s modulus.

In this article, a numerical model of hydraulic fracturing fracture propagation for gas wells in gas reservoir A of Yuanba area in Northeast Sichuan Province is established [48,49], and the numerical simulation of hydraulic fracture size and fracturing construction pressure is carried out for the target strata according to the actual pumping procedure of sand fracturing on site. The basic parameters of the model can be seen in Table 1. After fracturing, the fracture length, width and height of the first member of the target formation are respectively 178 m, 4.4 mm and 43 m. The comparison curve between the simulated pressure and the actual pressure is shown in Fig. 4, which demonstrates that the curves of simulated pressure and actual pressure are basically consistent with each other. This model has high accuracy and is in line with the actual situation on site, therefore it can be used to carry out the study on numerical simulation of influencing factors of hydraulic fracture propagation in target areas.
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Figure 4: Comparison curve between simulated pressure and actual pressure

4  Fracture Propagation Rule under Different Influencing Factors

According to literature research, the importance of different parameters on hydraulic fracture propagation is ranked as: inter-layer stress difference > displacement > reservoir thickness > Young’s modulus heterogeneity > fracturing fluid viscosity > permeability heterogeneity, among which inter-layer stress difference, fracturing fluid displacement and reservoir thickness are significantly related to fracture geometry [29–32]. Combined with the actual situation on site and considering the feasibility of fracturing construction, this article selects three influencing factors: (1) inter-layer stress difference, (2) fracturing construction displacement and (3) fracturing fluid viscosity to study the law of hydraulic fracture propagation under different influencing factors in the study area, using the control variable method and the numerical model of hydraulic fracturing fracture propagation.

4.1 Inter-Layer Stress Difference

Under complex geological conditions, the propagation of hydraulic fracture network not only depends on the characteristics of the target layer, but also is closely related to the mechanical properties of the upper and lower spacers. The stress difference between the target layer and the upper and lower spacers is an important factor which affects the vertical propagation of fractures. When the stress difference between the inter-layer is too small, the fracture is easy to channel the layer in the fracturing process, resulting in vertical fractures and energy loss. As a result, it is difficult to extend the fracture in the horizontal section of the target layer. According to the actual geological conditions in the Northeast Sichuan area, six hydraulic fracturing numerical simulations are carried out with the stress difference of inter-layer being 1, 2, 4, 6, 8 and 10 MPa.

Table 2 shows the fracture length, width and height of different inter-layer stress differences while Fig. 5 demonstrates the dimensionless reconstruction volume curves. The numerical simulation results show that the fracture length and width of gas reservoir A in Yuanba area of Northeast Sichuan Province are positively related to the stress difference of inter-layer while the fracture height decreases significantly with the increase of the stress difference of the inter-layer, showing a negative correlation with the inter-layer stress difference. At the same time, a negative correlation is shown between the stimulation volume and the stress difference of the inter-layer. With the increase of stress difference, the change rate of fracture geometric dimension decreases gradually. When the stress difference is greater than 6 MPa, the change rate of the fracture geometric dimension decreases significantly, and the variation range of the fracture length, width and height per unit stress difference of the interlayer has a significant reduction, which indicates that the expansion of hydraulic fracture can be effectively restricted when the stress difference of the inter-layer increases to a certain range.
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Figure 5: Fracture size and dimensionless reconstruction volume curves under different inter-layer stress differences

4.2 Fracturing Construction Displacement

The pumping displacement of fracturing fluid during construction has a significant influence on the expansion form of fracture network. The fractures jumping up and down can be controlled by restricting the construction displacement to realize the deep penetration of artificial fractures in low permeability tight reservoir. At the same time, as a crucial controlling factor affecting the propagation of hydraulic fractures, fracturing construction displacement can be flexibly adjusted according to the fracturing construction situation, which is a feasible method to control the geometric dimension of fractures. Combined with the actual geological and engineering conditions, the hydraulic fracturing numerical simulation is carried out in six different conditions with the fracturing construction displacement of 2, 4, 8.5, 12, 15 and 20 m3/min.

Table 2 and Fig. 6 respectively show the fracture length, width, height and dimensionless reconstruction volume curves of fractures under different fracturing construction displacement conditions. The numerical simulation results show that the fracture length, width and height are positively related to the fracturing construction displacement. The larger the construction displacement is, the longer the hydraulic fracture, the wider the fracture, and the larger the fracture height is. Large displacement fracturing work can expand the fracture size and effectively increase the fracture reconstruction volume, and the variation range of fracture geometry dimension under different fracturing displacement is smaller than that under different inter-layer stress difference. Further more, when the construction displacement is greater than 8.5 m3/min, the growth rate of fracture size slows down and the fracturing efficiency decreases. Considering the fracturing construction cost and reservoir reconstruction volume, the construction displacement should be roughly set at 8.5 m3/min.

[image: images]

Figure 6: Fracture size and dimensionless reconstruction volume curves under different fracturing construction displacements

4.3 Fracturing Fluid Viscosity

The technological parameters and rheological properties of fracturing fluid have an important influence on the construction effect of hydraulic fracturing. With other conditions invariant, the higher the viscosity of fracturing fluid, the wider the fracture. When the fracture volume is invariant, the fracture length is shorter while the fracturing fluid viscosity is higher. Reasonable selection of fracturing fluid viscosity plays a decisive role in the successful reconstruction of reservoir. Combined with the types and rheological parameters of fracturing fluids used in the actual fracturing process in Yuanba area, five kinds of hydraulic fracturing numerical simulations with levels of 100, 300, 500, 800 and 1000 mPa⋅s of fracturing fluids viscosity are set.

Table 3 and Fig. 7 show the fracture length, width, height and dimensionless fracture reconstruction volume curves under different fracturing fluid viscosity. The numerical simulation results show that the fracture length is inversely proportional to the fracturing fluid viscosity, and the fracture width and height are proportional to the fracturing fluid viscosity. When the fracturing fluid viscosity increases from 100 to 1000 mPa⋅s, the fracture width and height increase significantly, while the fracture length has an obvious decrease. The fracture length, width and height showed strong sensitivity to the fracturing fluid viscosity. The fracture size varied widely with the change of fracturing fluid viscosity, and the dimensionless fracturing volume changes little. The fracture length after hydraulic fracturing with low viscosity is relatively long while the width and height of the fracture are relatively low, which is suitable for making long fractures. Fracturing with high viscosity makes fractures with short fracture length and relatively high fracture height and the fracture width, which is suitable for making wide fractures. With 500 mPa⋅s as the limit, too high or too low fracturing fluid viscosity will reduce the dimensionless reconstruction volume of hydraulically fractured reservoir.
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Figure 7: Fracture size and dimensionless reconstruction volume curves under different fracturing fluid viscosity

5  Flow-Back Law and Flow-Back System

Increasing fracturing fluid flow-back rate can reduce the damage on fracture wall and formation, and reduce fresh water consumption in fracturing. As an important index to evaluate fracturing effect, fracturing fluid flow-back rate is directly related to the production of fractured reservoir [50,51]. By establishing the geological model around the well, the flow-back law of fracturing fluid under different influencing factors and different flow-back system is studied.

Fig. 8 shows the flow-back rate of fracturing fluid under different inter-layer stress difference, different fracturing construction displacement and different fracturing fluid viscosity. The simulation results show that the flow-back rate of fracturing fluid in Yuanba A gas reservoir is negatively correlated with the inter-layer stress difference, and positively correlated with the fracturing displacement. With the increase of fracturing fluid viscosity, the flow-back rate increases at first and then decreases. The pattern is basically consistent with the trend of dimensionless reconstruction volume influence. This is because with the increase of inter-layer stress difference and the decrease of fracturing displacement, the fracturing fluid formation intrusion increases, the volume of fracturing fluid used for fracture-building decreases, and the dimensionless fracture reconstruction volume decreases, which ultimately leads to the decrease of the fracturing fluid flow-back rate. The fracture flow-back rate reaches the highest level when the fracturing fluid viscosity is around 500 mPa⋅s. Additionally, under the same construction scale, increasing fracturing displacement can effectively reduce fracturing operation time and formation intrusion.
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Figure 8: Fracturing fluid flow-back rate curves under various influencing factors

6  Research on Productivity and Water Production Law

After historical fitting to ensure the accuracy of the established numerical reservoir model of gas reservoir A in Yuanba area in Northeast Sichuan, the characteristic well H in the target block is selected to carry out the study on the gas and water production law after single well pressure. In this article, the rectangular reservoir with 700 m × 300 m × 400 m I × J × K including well H was intercepted as the study area, the longitudinal grid step size was divided according to the thickness of small beds, and the fractures were preset according to the numerical simulation results of fracture propagation (Fig. 9). The reservoir physical property parameters and fluid physical property parameters in the study area were set according to the indoor core statistical data (Table 4). There is a vertical well in the middle of the study area, through which hydraulic fracturing and production law of pressurized gas and water can be studied.
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Figure 9: Geological model of the study area and schematic diagram of preset fracture distribution
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6.1 Inter-Layer Stress Difference

After fracturing, the gas and water production dynamics of gas wells are similar, showing the characteristics of rapid rise of production at first, then rapid decline, and finally being stable. Its full life cycle can be divided into three stages: ① rapid production stage, ② production decline stage, and ③ steady production stage (Fig. 10). The provenance of rapid production stage is mainly from hydraulic fractures. Artificial fractures formed after fracturing have high porosity and high permeability, which is a good storage and permeability space. Fluids stored in hydraulic fractures can flow rapidly to the bottom of the well through the hyper-permeability channel. This stage is limited by the fracture volume and lasts for a short time. The pressure drop in the production decline stage is transmitted to the reservoir matrix, and due to the physical properties of the matrix, it is difficult to timely supplement the fracture pressure drop in the production process, resulting in the phenomenon of sharp reduction of productivity. The productivity decline rate and the duration of this stage are related to the difference in the physical properties of the fracture and reservoir matrix. The source of the stable production stage comes from the reservoir matrix, and at this time, the reservoir matrix, hydraulic fracture and bottom hole form a relatively stable pressure drop. The productivity of this stage is jointly determined by the size of hydraulic fracture and reservoir physical property.
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Figure 10: Gas and water production under different inter-layer stress difference conditions

By comparing the gas and water production dynamics under different inter-layer stress difference conditions (Fig. 10), it can be seen that with the increase of inter-layer stress difference, the hydraulic fracture length increases, while the dimensionless reservoir reconstruction volume coefficient decreases, and the gas well production decreases significantly with the decrease of fracturing reconstruction volume. There is only a slight difference in water production between the end of the first stage and the end of the second stage. The larger the fracturing volume is, the greater the corresponding water production in these two stages is. The reservoir does not develop boundless bottom water and distinct water layer, therefore the gap of water production under different conditions is small.

6.2 Fracturing Construction Displacement

Fig. 11 shows the gas and water production dynamic curves under different fracturing construction displacement conditions. It can be compared and seen that with the increase of fracturing construction displacement and fracture size, dimensionless reconstruction volume coefficient also increase. Gas and water production and fracturing construction displacement of gas well present a positive correlation. Due to tight reservoir, water production is of small difference and maintained at a low level after fracturing fluid flow-back under the condition.
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Figure 11: Gas and water production dynamics under different fracturing construction displacement conditions

6.3 Fracturing Fluid Viscosity

By comparing the fracture size, dimensionless reconstruction volume and gas water production dynamics under different fracturing fluid viscosities (Fig. 12), it can be seen that the gas production capacity of the gas well is divided into two stages. The hydraulic fractures generated by high-viscosity fracturing fluid are characterized by short, wide and high length. They have good physical properties, sufficient initial provenance, short seepage distance and high production. Under the same dimensionless reconstruction volume condition, the controllable reserves of long fractures generated by low viscosity fracturing fluid are larger and the later production is higher. There is little difference in water production under different conditions. Although there is no difference in fracture volume due to non-dimensional reconstruction in the late of first stage, the difference gradually decreases with the progress of production and eventually tends to be consistent.
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Figure 12: Gas-water production dynamics under different fracturing fluid viscosity conditions

7  Conclusion

1) The inter-layer stress difference can effectively control the joint height and promote the development of joint length. Large displacement fracturing is conducive to improving the efficiency of fracture formation and expanding the fracture size. Low viscosity fracturing fluid is suitable for making long fractures, while high viscosity fracturing fluid is suitable for making wide fractures. The dimensionless reconstruction volume of reservoir has a negative correlation with inter-layer stress difference and a positive correlation with the fracturing displacement. It increases first and then decreases with the increase of fracturing fluid viscosity. The dimensionless reconstruction volume of reservoir has a small difference under different fracturing fluid viscosity.

2) The flow-back rate is mainly determined by the physical properties of the reservoir and the properties of the fracturing fluid. Under different influencing factors, the flow-back rate after pressure is highly correlated with the dimensionless reconstruction volume of the reservoir. The lower the fracturing fluid reservoir intrusion, the higher the fracture formation efficiency, and the larger the dimensionless reconstruction volume, the higher the fracturing fluid flow-back rate. What’s more, rapid flow-back can effectively reduce fracturing fluid reservoir intrusion and improve reservoir flow-back efficiency.

3) Gas well production can be divided into three stages. The production in the first stage is determined by dimensionless reservoir reconstruction volume; the production in the second stage is determined by dimensionless reservoir reconstruction volume and reservoir physical property; and the production in the third stage is determined by reservoir physical property. The smaller the inter-layer stress difference is as well as the larger the fracturing displacement is, the larger the dimensionless reservoir reconstruction volume is and the higher the gas production is. What’s more, the higher the viscosity of the fracturing fluid and the lower the gas production in the case of similar dimensionless reservoir reconstruction volume, the longer the fracture length is, the higher the third-stage production and the final production are.

4) In the case of boundless bottom water or clear water layer, the water production of fractures with different sizes has little difference. The influence of different factors on the water production of gas wells is mainly reflected in the first production stage. The larger the dimensionless reconstruction volume of the reservoir, the larger the water production in the initial production stage, and eventually tends to be consistent with the progress of production time.
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Table 1: Length, width and height of fracture under different interlayer stress difference conditions

Stress (MPa) Fracture length (m) Fracture width (cm) Fracture height (m)
1 138.85 0.408 93.643
2 135.52 0.372 61.427
4 178.95 0.445 43.009
6 204.57 0.477 34.967
8 213.89 0.489 32.511

10 218.86 0.496 31.337
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Table 3: Length, width and height of fractures under different fracturing fluid viscosity conditions

Fluid viscosity (mPa-s)

Fracture length (m)

Fracture width (cm)

Fracture height (m)

100
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Table 4: Main parameter of model

Parameter Value Parameter Value Parameter Value
Reservoir pressure  89.27 Reservoir 343.15 Reservoir size (m x m) 700 x 300
(MPa) temperature (K)

Target layer 61 Water saturation 0.24~0.71 Young’s modulus 28~80
thickness (m) (GPa)

Matrix porosity 0.027~0.084 Matrix permeability 0.01~0.093 Poisson’s ratio 0.17~0.32

(mD) (dimensionless)
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(a) Geological model around wells (b) Preset fracture diagram
in the study area
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Table 2: Length, width and height of fractures under different fracturing displacement conditions

Construction displacement (m>/min)  Fracture length (m) Fracture width (cm) Fracture height (m)

2 177.49 0.329 35.825
4 182.09 0.329 40.243
8.5 187.19 0.338 43.009
12 187.38 0.349 43.376
15 187.97 0.357 43.531

20 189.04 0.365 43.545
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