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Abstract 

For unconventional reservoirs hydraulic fracturing design, a greater fracture length 

is a prime factor to optimize. However, core observation results from Hydraulic 

Fracturing Test Site (HFTS) show the propped fractures are far less or shorter than 

expected which suggests the roughness and tortuous of hydraulic fractures are crucial to 

sand transport. In this study a transport model of sands is first built based on experimental 

measurements on the height and transport velocity of sand bank in fractures with 

predetermined width and roughness. The fracture roughness is quantified by using surface 

height integral. Then, three-dimensional simulations are conducted with this modified 

model to further investigate the impact of fractures tortuous on sand transport, from which 

an analytical model is established to estimate the propped length of hydraulic fractures at 

a certain pumping condition. Experiments results show that height of sand bank in 

roughness fracture is 20-50% higher than that in smooth. The height of sand bank 

decreases with the reduction of slurry velocity and increases with the sand diameters 

increasing. Sand sizes do little effect on the transport velocity of sand bank but the 

increase in slurry velocity and sand volume fraction can dramatically enhance the 

migration velocity of sand bank. The appearance of tortuous decreases the horizontal 

velocity of suspended particles and results in a higher sand bank compared with that in 

straight fractures. When the sand bank gets equilibrium at the tortuous position, it is easy 

to produce vortices. So, there is a significant height of sand bank change at the tortuous 

position. Moreover, sand plugging can occur at the entrance of the fractures, making it 

difficult for the sand to transport deep in fractures. This study explains why the propped 

length of fractures in HFTS is short and provides an analytical model that can be easily 
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embedded in the fracturing simulation to fast calculate dimensions of the propped 

fractures network to predict length and height of propped fractures during fracturing. 

 

Key words: Proppant transport; Fractures roughness; Tortuous fractures. 

 



 

 

1. Introduction 

With the decrease of the conventional oil and gas resources, people turn their 

attention to the exploitation of unconventional resources. The exploitation of most of the 

unconventional resources benefited from the development of horizontal wells and multi-

stage fracturing technology presently. In tight oil and gas reservoirs, the propped fracture 

is of great importance to provide flow channels for oil and gas production. And, the 

distribution of proppant significantly influences the conductivity of fractures. Thus, it is 

important to investigate sand bank dune form under different construction conditions. 

Two main factors affect the transportation and distribution of proppant in fractures. One 

is the property of the fractures including its width, height, roughness and tortuous, and 

the other is the pumping schedule including the proppant density and diameter, the 

rheology of fracturing fluid, the slurry velocity, and the volume fraction of proppants. 

Numerous experimental and simulation studies are conducted to investigate the 

transport and distribution of proppant in fractures. The motion of proppant in the fractures 

can be divided in two aspects. The settling of proppant in the vertical direction and 

transport in the horizontal direction1. It can be inferred that investigating the law of 

proppant settling is of great significance2. Kern et al.3 found that the proppant settling 

velocity decreases with the particle diameter closing to fracture width. Shrivastava and 

Sharma4 found that the smaller particles have good suspension and can transport deeper 

in to the natural fractures. Harrington et al.5 put forward a modified stokes formula to 

describe proppant settling in non-newtonian fluid. Proppant settling velocity will decrease 

when the concentration of proppant increases when the particles are not clustered6. Gadde 

et al.7 investigated proppant settling in roughness fractures and found that the proppant 

settling velocity decreased when compared to the smooth facture. 

As proppants flow into hydraulic fractures, they continuously precipitate from the 

slurry and form a sand bank, whose equilibrium height is determined by Kern et al.3 and 

Patankar et al.8. Wang et al.9 using the experimental data of STIM-LAB to establish a bi-

power law correlations for bed load transport of slurries. Gadde et al.7 put forward a 

modified correlation of stokes considering fluid viscosity and fracture width. And found 

the propped length of fractures increase when incorporated it into UTFRAC-3D to predict 

proppant distribution in fractures. Proppant distribution is uneven within the torturous 

fractures in shale reservoirs10. Roughness of fractures face can increase the interaction 

between particles and rock, which increases the uncertainty of flow11. Huang et al.12 also 

investigated the proppant distribution in roughness fractures and found that form of sand 

bank is not always the same as that in smooth fractures. However, the roughness of 

fractures surfaces is not quantitatively used in these studies. Presently, the quantification 
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of fracture roughness are mainly as follows.13 proposed Joint Roughness Coefficient (JRC) 

to characterize the roughness of different type of rock surface. Fractal dimension is 

another method to quantify the roughness of fracture which can be obtained by the 

variogram analysis, power spectral density and triangular prism. Besides, a relatively 

simple method to quantify the fracture roughness is surface integral ration, which is the 

ration between total fractures surface area and the projection area of rough surface14. 

The simulation of proppant transport can be mainly divided into two categories. One 

is the Eulerian-Eulerian method and the other is Eulerian-Lagrangian method. The most 

common method used to simulate the proppant transportation in filed scale is Eulerian-

Eulerian method. Eulerian-Eulerian method refers to use of mass conservation equation 

to calculate fluid and proppant in Eulerian grid. The transport of proppant is assumed as 

the change of proppant volumetric concentration. It may not accurate enough to arrest 

every particle movement but saves a lot of calculation time. Eulerian-Lagrangian method 

is another method to simulate proppant transport and distribution method. Discrete 

Particle Method (DPM) and Computational Fluid Dynamics-Discrete Element Method 

(CFD-DEM) are two mainly used Eulerian-Lagrangian method. The DPM model is 

suitable to solve the proppant transport with low concentration. CFD-DEM can model 

every particle movement and high concentration of proppant transport. Due to track the 

movement of each particle. CFD-DEM is more time costing and have a large amount of 

calculation. This method can describe the particle transport accurately but difficult for 

field scale simulation. A dimension reduction strategy coupled with Eulerian-Eulerian 

method is used to investigated the proppant transportation in filed scale by Hu et al.1. Suri 

et al.15 investigated the proppant transport in roughness facture and found the roughness 

of fractures can provide an additional force for proppant transport in fractures for a long 

distance.  

Of the previous experiments and simulation results, it is known that the injected 

proppant can form a regular sand dune in the fractures and transport deep into the fractures 

as slurry continuously injected. Is the distribution of proppant in real fractures really like 

this? 

Hydraulic Fracture Test Site project aimed to recover cores from a stimulated 

volume, making a further observation of the proppant distribution in the real fractures. 

However, core results show an unexpected distribution of proppant. Many of the cores 

collected held little of sand16. Moreover, the distribution of proppant in the fractures is 

nonuniform. Many of the proppants are found in the fractures near wellbore and little 

proppant is discovered in the secondary fractures17. 

Although many numerical and experimental work was conducted to investigate the 

proppant transportation and distribution in fractures including the proppant-bed 



 

 

equilibrium height, however, the proppant-bed length is seldom studied. As for the 

proppant distribution in fractures, sand bank height is a significant parameter to depict 

the vertical sand coverage. However, the propped length of fractures in roughness field 

scale fractures is unclear. In this study, an analytical model is proposed to investigate the 

proppant transport and distribution in roughness fractures which gives a prediction in field 

scale. In addition, a tortuous fracture model is applied to explain the unevenness of 

proppant distribution.  
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2. Model build up 

In this study, the principal purpose is to explain transportation and distribution of 

proppant in roughness and tortuous fractures. The Eulerian-Lagrangian method coupled 

with Dense Discrete Particle Model (DDPM) is applied to solve this problem of granular 

flow with a high volume-fraction of particles.  

2.1  Experiment and simulation methods 

Firstly, a large transparent fracture-flow model with smooth fracture surfaces is used 

to observe the formation and transport of sand bank, and compared with ones in the 

published studies. This model is composed of two parallel Plexiglas plates, a centrifugal 

pump (with the maximum flow rate of 8m³/h), an agitator tank (with a maximum volume 

of 200L) and a flowmeter (with a maximum flow rate of 8m3/h), as shown in Fig.1.The 

transparent fracture-flow model is used to visualize the sand transport in a narrow and 

flat fracture, whose results can be used to validate the numerical model in this study. In 

the transparent fracture-flow experiments, silica sand and tap water with a certain sand 

volume fraction is continuously injected into a fracture with dimensions of 1.5m (length)

×0.3m (height)×0.004m (width); other parameters can be referred in Table 1 shown 

below. Shapes of sand bank and equilibrium sand heights are shown in the left column of 

Fig 8 when different slurry velocities are used. 

Experiments are conducted using 20/40 mesh sand, with 7.4% sand and a slurry 

velocity of 0.2m/s, 0.4m/s and 0.6m/s. As is shown in Fig.2, sands precipitate from the 

slurry and gradually form a sand bank; the height of the sand bank within the fractures 

increases with time until reaches an equilibrium height, which is similar to ones reported 

in the previous studies9,12,18. 

 



 

 

 
Fig.1 The transparent fracture-flow model 

 

 
Fig.2 Comparison of sand bank, slurry velocity 0.02-0.2m/s9 

 

In the simulation, the same parameters are used in experiments and numerical model. 

The simulation results match well with the experimental results when fractures surfaces 

are flat.  

 

Table.1 Parameters of experiments and simulations 

parameters Values 

slurry velocity, m/min 12, 24, 36 

sand diameter, mm 0.325 

fracture width, mm 4 

fluid viscosity, Pa·s 0.001 

sand density, kg/m3 2600 

volume fraction of sand 7.3%  
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Then, the simulation model is conducted to understand the effect of fractures 

roughness on sand transport and distribution. The transport velocity and equilibrium 

height of the formed sand bank within the fractures are compared among cases with 

different slurry velocity, sand sizes, sand volume fraction, and fractures surface roughness 

shown in Table 2.  

 

Table.2 Parameters in simulation cases 

parameters Values 

slurry velocity, m/min 12, 24, 36, 66, 96, 126 

sand diameter, mm 0.208, 0.325, 0.425, 0.739 

fracture width, mm 4 

sand volume fraction 4.7%, 7.3%, 10% 

Ra (fracture roughness), 0.39, 0.59, 0.79 

 

2.2  Rough and tortuous model development 

An outcrop sample is cut into cubes with side lengths of 300mm which is shown in 

Fig.3. Then, rough fractures surfaces are obtained through the tri-axial hydraulic 

fracturing with the mimicked reservoir condition. The rough fractures surfaces are 3D 

scanned to calculate their Ra. Then this pair of fractures surfaces is duplicated through 

3D printing and installed into the transparent fractures flow model, 20/40 mesh sands 

with a volume fraction of 7.4% are injected into the model for observing the formation 

and transport of the sand bank. A 3D fracture model is built and the dimension of the 

fracture is consistent with our experimental fracture-flow model. The total generated 

mesh number of the fracture is 151392 shown in Fig.4 and all of the mesh meet the 

calculation requirements. Experimental results are further compared with simulation 

results using with our simulation model. 

Roughness of a fractures surface can be quantified in different ways. Babadagli et 

al. (2015, 2015) used variogram (Dva), power spectral density (Dpsd), and triangular prism 

analyses (Dtp) to describe the roughness of a fractures. In this study, the integral of surface 

heights is used, as defined in Eq. (1). In this study, conglomerate and shale fractures is 

used which have Ra values of 0.39 and 0.74 respectively, as shown in Fig. 6. 
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l is the sampling length, and y(x) is the heights of points on the chosen line. 

In ANSYS Fluent, the roughness of a fracture surface is defined by Ks. As is shown 

in Fig.5, it is assumed that the rough fracture surface is formed by a layer of closely-



 

 

packed balls with identical radius, and the radius of the ball is Ks. When Ks equals to 

zero, a smooth fracture surface is obtained. 

 

 
Fig.3 Outcrop sample and duplicated fractures 

 

 
Fig.4 Generated mesh and mesh quality 

 

 
Fig.5 Straight roughness fracture model 
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Fig.6 Roughness fracture with different Ra 

 

Besides the straight fracture, a fracture with a curvature is used to study the sand 

transport in fractures with near wellbore tortuosity as is shown in Fig.7. In this tortuous 

fractures model, the angle of the curvature is 120° and two kinds of curved fractures 

are used which are 0.2 m and 0.75 m from the velocity-inlet boundary respectively. Three 

sensitive parameters are studied including slurry velocity, volume fraction of sands and 

sands diameter. The parameters in the simulation process are shown in Table 3. 

 

 
Fig.7 Tortuous fracture model 



 

 

 

Table.3 Parameters of simulation model 

  straight facture  tortuous facture 1 tortuous facture 2 

length, m 1.5 1.5 1.5 

width, m 0.004 0.004 0.004 

height, m 0.3 0.3 0.3 

tortuous angle, degree  120 120 

tortuous length, m  0.06 0.06 

tortuous position, m  0.75 0.2 

tortuous width, m  0.00346 0.00346 

 

 

2.3  Numerical model 

The Eulerian-Eulerian method and Eulerian-Lagrangian method are two main 

methods applied to investigate sand transport and distribution in fractures. Sand and fluid 

are considered as two phases respectively in Eulerian-Eulerian method, and both the fluid 

and sand solved in Eulerian grids. Eulerian-Lagrangian method can be roughly divided in 

two methods including Discrete Particle method (DPM) and Computational Fluid 

Dynamics-Discrete Element Method (CFD-DEM). In DPM method, the sands with 

similar properties are packed into parcels which can dramatically decrease the 

calculational cost. In CFD-DEM method the movement of each individual sand is 

calculated in lagrangian method, which significantly increases the computational cost. In 

this study, Eulerian-Lagrangian method with the Dense Discrete Phase Model (DDPM) 

model is chosen to study the sand transport and sand bank within a fracture. Some of 

assumptions in this model are as follows. 

Fluid is assumed as a continuous phase; and is solved in Eulerian grid. Sand is 

assumed as a discrete phase and is tracked by a Lagrangian approach and mapped back 

to the Eulerian grid. The force between sands is solved by Kinetic Theory of Granular 

Flows model. During the sand injection, fracture propagation is not considered. 

To solve the equations, the inlet boundary is chosen as the velocity inlet where the 

slurry is injected, and the outlet boundary is set as one atmospheric pressure. Roughness 

of fractures surfaces are controlled by adjusting Ks which is embedded in the boundary 

condition. DDPM is a well-established model and a brief introduction is as follows.  

The continuity equation can be expressed as19 
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The 𝛼𝑓 and 𝛼𝑠 are volume fraction of fluid and solid respectively. The 𝜌𝑓 and 𝜌𝑠 are density of the fluid and solid respectively. The 𝑣𝑓 and 𝑣𝑠 are velocity of fluid 

and solid respectively. 

The motion equation can be expressed as19 
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P is the pressure of the all phases. 𝜏�̅̅� and 𝜏�̅̅� are the stress tensors of the fluid and 

solid respectively. 𝑔→  is the acceleration of gravity. β is the Gidaspow drag force 

coefficient and is suitable for various volume fraction of solid phase which can be written 

as follows19. 
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The ds is the diameter of the particle. Cd is the drag coefficient. 

The motion equation of particle phase in DDPM model is not solved in Eq. (5). It is 

computed by19,20 
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The Res and Cd are expressed by19 

 Re
s f s f

s

f

d v v



−
=  (13) 

 0.68724
1 0.15( Re )

Re
D f s

f s

C 


 = +   (14) 

Where Res is Reynolds number of soild. 

In kinetic theory of granular flow (KTGF), the shear viscosity of solid (μs) contains 

kinetic viscosity (μs,kin), collisional viscosity (μs,col) and fractional viscosity(μs,fri). 

 , , ,s s kin s col s fri
   = + +  (15) 

Kinetic viscosity can be expressed as21 
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 (16) 𝛩𝑆  is the granular temperature. The g0 is the radial distribution function which 

represents the resistance of particles to deformation and can be obtained by22
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The collisional viscosity can be written by20 
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The fractional viscosity can be written by23 
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Where the φ is angle of flow direction. 

The pressure of solid phase can be expressed by24 
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3  Results and discussion 

3.1  Validation of numerical model 

 

Fig 8 shows the results of the comparison between simulation results and experiment 

results. Water and 40/70 mesh sands are injected at the inlet at different velocity which 

are 0.2m/s ,0.4m/s, and 0.6m/s. 

When the injection rate is 12 m/min, the equilibrium height of the sand bank is 5.75 

cm and 5.42cm for experiment and simulation results. The comparison between 

experiments and simulation results with an average percentage error of 3.34% for the 

equilibrium height of sand bank. This suggests a well consistency between experiments 

and simulation results. 

 

 

Fig.8 The results comparison between experiments and simulation (the red lines show the 

equilibrium height of the sand bank which the unit is meter) 

 

3.2  Sand transport in roughness fractures 

3.2.1  Effect of slurry velocity 

The sensitivity analysis in this section includes three key factors containing slurry 

velocity, sand diameter, sand volume fraction. At first, the slurry velocity is changed, 

keeping all other factors constant.  

Fig 9 shows the change of sand distribution in different cases when the slurry 

injection velocity is 12 m/min, 24 m/min, and 36m/min. When the injection velocity is 

12 m/min, the equilibrium height of the sand bank is 13.00 cm. In the region where the 

sand bank is stabilized, the sand volume fraction is around 0.59—0.63, which is the 

density of the sphere random packing. In the region where sands are floating in the 

fracturing fluid, the volume fraction is 7.3%, which is identical to that of the slurry 

injected. When the sand bank is formed and equilibrium height is reached, the farthest 



 

 

horizontal distance reached after the complete settlement of sands can be found, as 

pointed by a black arrow in Fig 12. This horizontal distance is 3.63 m when the slurry 

injection rate is 96 m/min, and it decreases to 0.46 m when the slurry injection velocity 

is 12 m/min (Fig 13).  

From the simulation, locations of the sand bank front can be marked at different time 

slices, from which transport rate of the sand bank can be calculation. Fig.9 shows a 

schematic diagram to calculate the propagation rate of the propped fractures. As is 

shown in Fig 11, it increases with injection rate and the volume fraction of sand injected. 

The simulation results of sand volume fraction contour plots are shown in Fig.10. 

Three cases of variation in slurry injection velocity are 12m/min, 24m/min, 36m/min 

respectively. On comparison of sand volume fraction contour plot for different slurry 

injection velocity. It can be found that as the velocity of slurry increases the sand bank 

height decreases and the fractures propped length increases. Fig.11 shows the fractures 

propped length and propped height of the simulation results of different slurry velocity. 

As the slurry velocity increases the propped height decrease and the propped length 

increase. A new parameter entry effect length shown in Fig.12 is put forward to explain 

this phenomenon which represents the sand settling position at the farthest of sand bank. 

As is shown in Fig.13, the entry effect length and horizontal slurry velocity have a 

linear relationship which suggests that increasing the horizontal slurry velocity dose no 

effect on the sand settling velocity. Since the particles settling velocity are not disturbed 

by the horizontal slurry velocity, at a certain same time, more sand will be transported 

away from inlet boundary. Moreover, the high slurry injection velocity stronger the 

force between fluid phase and solid phase resulting more sand carried to the deeper of 

fractures and lead to a shorter sand bank.  

The present study of the sand distribution to injection velocity suggests that it is of 

great importance in optimizing sand transport and distribution. As for slick water 

fracturing, a higher injection velocity will be a good approach to improve the fracturing 

results. 
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Fig.9 Acquisition of propagation rate of the propped fractures  

 

 

Fig.10 Comparison of sand distribution for different slurry velocities 

 

 
Fig.11 Changes of propagation rate of the propped fractures with slurry injection rate and sand 

volume fraction  

 

 

Fig.12 Sand distribution at the end of simulation (Black arrow points to the farthest location of sand 

settlement) 

 



 

 

 
Fig.13 Entry effect length with slurry horizontal velocity 

 

3.2.2  Effect of sand volume fraction 

After the investigation of the effect of slurry velocity effect. The effect of sand 

volume fraction is studied. Fig 14 shows the change of sand distribution in different cases 

when the sand injection is 4.7%, 7.3%, and 10.0%. When the sand injection is 7.3%, the 

length of sand bank is 0.85 m and increases to 0.98m when the sand injection is 10.0%. 

The sand bank length increases with the volume fraction of sand injection as is shown in 

Fig 11. 

Improving the volume fraction of sand injection can effectively reduce the time for 

sand bank to reach the equilibrium height and accelerate the rate of sand bank moving 

forward. In other words, in the same fracturing time if the volume fraction of injected 

sand is increased, the longer of the fractures would be propped. Therefore, in order to 

reduce field working time, increasing the volume fraction of sand injection is a practical 

approach. During the actual production process, the hydraulic fractures are not always 

straight but tortuous and nonuniform fractures. Thus, by using high volume fraction of 

sand can cause sand plug, especially using low viscosity fracturing fluid like slick water. 

A reasonable volume fraction of sand injected will be a good choice that can decrease the 

hydraulic fracturing time and avoid the sand plug. 
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Fig.14 Comparison of sand distribution for different sand volume fraction 

 

3.2.3  Effect of sand diameter 

Next, the effect of sand diameter on sand bank equilibrium height and the propped 

length is studied. Fig 15 shows the change of sand distribution in different cases when the 

sand diameters are 0.208mm, 0.325mm, 0.425mm and 0.739mm. When the sand diameter 

is 0.739mm, the equilibrium height of the sand bank is 13.00 cm and it decreases to 2.85 

cm when the sand diameter is 0.285mm. Fig.16 shows the relationship between sand bank 

height and sand diameter and slurry velocity. It can be found that as the diameter 

decreases, the sand bank equilibrium height apparently decreases which can be seen in 

the left of Fig.18 and Fig.19. The rate of propped length is not affected by the sand 

diameter which can be seen in the right column of Fig.18. 

To understand the reason of this phenomenon, a graph is plotted against variables 

entry effect length/slurry velocity and sand diameter as is shown in Fig.17, where entry 

effect length is clarified earlier. It can be interpreted from that as the sand diameter 

increases, the ration of entry effect length/slurry velocity decrease, which suggests that 

large diameter of sand tend to settling at the fracture entrance. Thus, it can be reasonably 

to explain the formation process of sand bank. In the case of the same horizontal injection 

flow rate, in the same time, due to the large sedimentation velocity of the sand of large 

particle size, most of the sand settled, while the small sizes of particles can be transported 

to away from the wellbore. Thus, at the beginning of sand formation, large size of particle 

shows high sand bank. Moreover, sands with large particle sizes have large mass and 

large inertia. When the inlet flow rate is constant, the distance between the sand bank and 



 

 

the top of fracture is smaller, the velocity will be larger. So, small size of particle can be 

transported easily by low velocity of fracturing fluid while large size of particle requires 

high velocity of fracturing fluid to wash away. Therefore, the sand bank height of 

different particle diameter shows different. 

The sedimentation speed of large particle is fast, but the sand bank is high. The 

sedimentation speed of small particles is slow, but the sand bank is short, so the propped 

rate of sands of large and small particles in fractures is relatively close. 

 

 
Fig.15 Comparison of sand distribution for different sand diameter 
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Fig.16 Changes of sand bank equilibrium height with slurry velocity and sand diameter 

 

 
Fig.17 Settling velocity with different diameter (the legend means the slurry velocity, and the unit is 

m/min) 

 



 

 

 
Fig.18 Changes of sand bank equilibrium height ratio (left column) and propagation rate of propped 

fractures (right column) with slurry velocity, sand diameter, and sand volume fraction. 

 

3.2.4  Effect of surface roughness 

Finally, the effect of fractures surface roughness on the transport and distribution of 

sand is studied. Three types of surface roughness were used for the investigation. Fig 19 

shows the change of sand distribution in different cases when the Ras are 0.39, 0.59 and 

0.79. When the Ra is 0.39, the equilibrium height of the sand bank is 0.130 m and 

increases to 0.152 m when Ra is 0.79. As is shown in Fig.20, at the beginning of sand 

injection, the roughness has no obvious influence on the transport and distribution of the 

sand. With time going by, when the sand bank builds up, it can be seen that with the 

increase of roughness, the height of the sand bank gradually increases, and the moving 
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forward rate of the sand bank in the fractures gradually decreases. It can be explained that 

as the roughness increases, the force between particles and the wall is further strengthened. 

It can be inferred that with the increase of surface roughness, the probability of particle 

and wall collision is higher which resulting in a gradual decrease in particle settling 

velocity, so the sand can be carried to the fractures by the fracturing fluid. Furthermore, 

as the fractures roughness increases, at the beginning of sand injection, the sand can be 

transported further and forms a longer sand bank. At the same time, as the roughness 

increases, the frictional resistance between the particles and the fractures wall will be 

stronger. Thus, the distance between the fractures and the height of sand bank will 

decrease, so that the sand transported with the fracturing fluid and the accumulation of 

sand bank reform a new balance. That is to say, a higher sand bank will be formed.  

 

 
Fig.19 Changes of sand bank equilibrium height and propagation rate of propped fractures with Ra 

(roughness of fractures, slurry velocity 0.2m/s, 20/40 mesh sand; 7.3% sand.). 

 
Fig.20 Comparison of propped length with different Ra 

 



 

 

3.2.5  Effect of the tortuous fractures 

Next, an analysis was carried out to investigate the impact of near wellbore tortuous 

fractures on sand transportation and distribution. A comparation is made between straight 

fractures and tortuous fractures. In this model, the tortuous model is simplified as a ‘v’ 
shape model at different place of the fractures. Fig.21 shows the results of sand volume 

fraction contour plot of different fractures. The contour plot looks the same for the 

tortuous away from wellbore and straight fractures. As for the near wellbore tortuous 

fracture, the sand bank is significantly different. In this kind of fractures, the sand tends 

to form a plug and resulting the later slurry is difficult to inject. 

A velocity vector plot is put forward to explain this situation. At is shown in Fig.22, 

at the near wellbore tortuous model, the horizontal velocity of granular phase apparently 

decreases. The appearance of near wellbore tortuous creates an additional resistance to 

sand to transport. When the sand bank gets equilibrium at the position, due to the unsteady 

flow conditions at the tortuous position, it is easy to produce vortices. The generation of 

vortices will cause the accumulated sand transported again. Thus, there is a significant 

height of sand bank change at the tortuous position.  

 

 
Fig.21 Sand volume fraction contour plot with different position of tortuous 

 

 
Fig.22 Velocity vector analysis in different fractures 
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4  Conclusions 

In this study, sand transport and distribution in rough and tortuous fractures is 

investigated using Dense Discrete Phase Model (DDPM). Surface height integral (Ra) is 

quantitatively used to study the effect of fracture roughness on sand movement. Three 

sensitive parameters were analyzed to study the key factors that influence the sand 

transport and distribution including injection rate, sand diameter, sand volume fraction 

and roughness of fractures.  

Among all of the factors, slurry velocity is the most important parameter affects the 

sand transport and distribution. In order to reduce field working time, increasing the 

volume fraction of sand injection is a practical approach. Compared with smooth fractures, 

roughness fractures walls employ resistance during sand transport, reducing the settling 

velocity of sand in fractures. With the increase of Ra, sand bank equilibrium height 

increases and rate of propped length decrease. Based on the simulation results, an 

analytical solution is built which can easily predict field scale sand transport and 

distribution. 

In tortuous fractures model, the flow phenomenon is different from in straight 

fractures. Due to the ‘v’ shaped model, the slurry velocity obviously decreases and lend 
to the higher sand bank and slower propped length. 
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