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Abstract: Investigating the key factors that impact fluid rheology and proppant static settling velocity
in high viscosity friction reducers (HVFRs) is a critical aspect for successful proppant transport
in hydraulic fracture treatment. In this study, the rheological properties of HVFRs were tested at
various temperature ranges (i.e., 25, 50, 75, and 100 ◦C) and different HVFR concentrations (i.e.,
1, 2, 4, and 8 gpt). Three sizes of spherical particle diameters (i.e., 2, 4, and 6 mm) were selected
to measure the static settling velocity. The fracture fluid was tested in two fracture models: an
unconfined glass model and a confined rectangular model with two fracture widths (7 and 10 mm).
The settling velocity in the confined and unconfined models was measured using an advanced
video camera. HVFR results exhibited acceptable thermal stability even at higher temperatures,
also the viscosity and elasticity increased considerably with increasing concentration. Increasing
the temperature cut the friction reducer efficiency to suspend the spherical particles for a significant
time, and that was observed clearly at temperatures that reached 75 ◦C. Spherical particles freely
settled in the unconfined model due to the absence of the wall effect, and the settling velocity
decreased significantly as the HVFR concentration increased. Additionally, the fracture angularity
substantially slowed the proppant settling velocity due to both the wall effect and several types of
friction. This research provides insights into the rheological parameters of a high viscosity friction
reducer as a fracturing fluid and its efficiency in transporting particles in bounded and unbounded
fracture networks.

Keywords: fracture fluid; high viscous fracture fluid; dynamic programming

1. Introduction

The settling velocity plays a major role in transporting sand particles during hydraulic
fracturing operations, so it is significant to investigate the major parameters that impact
the freely settling velocity of particles. These factors include rheological properties of
viscoelastic fluids, wall effect, wall roughness, and presence of other solid particles [1–6].
Understanding these factors would help to select optimal fracture fluids and to choose
appropriate proppant that would create better proppant distribution through the entire
fracture length, leading to high formation productivity. In this work, the evaluation of the
settling velocity of particles was conducted using a high viscosity friction reducer (HVFR),
which could have great potential as a fracture fluid alternative to slickwater and linear
gel fluids. In several experimental and field studies, HVFRs reported lower usage of the
required chemicals and a reduction in the footprint on the surface as well as the use of fewer
tanks and trucks, and it can carry a large proppant size or large proppant loadings more
easily compared to linear gel [7–9]. The primary function of friction reducers is to change
turbulent flow to laminar flow by reducing frictional loss during pumping of fracturing
fluids by 70–80% [10–12]. Friction reducer is also used in enhanced oil recovery (EOR),
acid gelling agents, and clay control during drilling. Friction reducers can also improve
the formation conductivity, which leads to increased oil production rates, especially in
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shale formations [13]. HVFRs have been used in many basins in the United States such
as Marcellus, Fayetteville Shale, Eagle Ford, Bakken, and Delaware basin, and most of
them reported a reduction in the chemical required by around 30% compared to slickwater
treatments [14,15]. These applications require flexibility and simplicity of polyacrylamide
stability under harsh conditions such as high reservoir temperatures [16,17]. The use
of polyacrylamide products has shown high water hydration and provided better fluid
properties compared to guar. The use of guar can cause severe damage to shale rocks,
which can significantly affect the conductivity [18].

Several studies have investigated the rheology of HVFRs. Refs. [19–21] determined
the rheology of HVFRs and compared to linear guar using various fluid concentrations,
these measurements included viscosity and elasticity parameters. The results indicated
that HVFR samples provided higher viscous and elastic properties compared to linear
guar. However, most of these studies did not evaluate the impact of temperature or time-
dependent temperature on HVFR’s rheology. Additionally, there was a lack of knowledge
about identifying the most important factors that impact the particle static settling velocity.
Refs. [22,23] investigated the sand settling in graduated cylinders using friction reducer
and linear guar samples. The results showed that friction reducers provided longer time
to carry sand than linear guar. However, there are specific outstanding issues that were
not investigated in the previous works and should be addressed. Where most of the
laboratory studies did not conduct an intensive laboratory investigation of the effect of
fracture dimension, fracture orientation, wall effect, and particle concentrations on the
settling velocity. For example, a laboratory experiment conducted by [24] was limited to a
confined fracture with a 0.2 ratio of particle size to fracture width, which cannot provide a
clear evaluation of the wall effect. In this work, the unresolved problem was investigated
where the ratio of particle size to fracture width was in the range of (0.2–0.84) which is
acceptable to determine the fracturing effect on settling velocity of the particles. Ref. [25]
also conducted proppant transport evaluation experiments, but their work was limited
to qualitative measurements in the solid static velocity tests. Based on a literature review,
there was a limited of information about HVFR rheology evaluation at high-temperature
ranges as well as about the particle settling performance through HVFRs, which is still
considered questionable. Thus, the objective of this research was i) to determine the HVFR
capability as a fracturing fluid, considering the impact of temperature and time-dependent
temperature on the HVFR rheological properties; and ii) to investigate the impact of
confined/unconfined fractures, fracture orientation, and particle concentrations on the
particles settling velocity. Therefore, this work provides additional knowledge that can be
used as guidance and support for hydraulic fracturing engineers to develop and design
better fracture fluids.

2. Experiment Description
2.1. Experimental Materials

Fluid characteristics: The high viscosity friction reducers (anionic friction reducers)
used in this study were provided by SNF Holding Company (Riceboro, GA, USA). Four
fluid concentrations (i.e., 1, 2, 4, and 8 gpt) were used to evaluate the HVFR rheology and
the settling velocity in confined and unconfined models. A modular compact rheometer
was used to measure the steady shear viscosity parameters and the elasticity properties
(oscillatory measurements) of each HVFR concentration. The plate diameter was 50 mm,
while the gap was 0.5 mm, and the fluid viscosity was investigated at low and high shear
rates (i.e., 0.1 to 1000 s−1) to evaluate how the fluids governed the proppant transport. This
rheometer can measure the temperature effect until 200 ◦C. The viscosity measurements
included obtaining the consistency index k and the flow behavior index n. The elastic
measurements studied included the relaxation time parameter and the loss factor (G”/G′),
where G” is the viscous modulus and G′ is the elastic modulus. The fluid density of the
HVFR concentrations was measured by calculating the weight and volume of the friction
reducer using an accurate weight scale and graduated lab glasses.
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Glass spherical particle characteristics: Spherical particles were selected because of
its uniformity of shape that barring some that have rough and irregular surface features.
Three sizes of spherical glass particles (i.e., 2, 4, and 6 mm) were selected to conduct the
settling velocity experiments. The density of the glass particles is summarized in Table 1.
The glass density of the particles was almost the same, so it did not overlap the size effect
in the settling velocity measurements.

Table 1. Characteristics of glass spherical particles at different diameters.

Glass Bubble Diameter, mm Density, g/cm3

2 2.6253

4 2.6261

6 2.626

2.2. Spherical Particles Settling Description

The fracture fluid was prepared using deionized water at the desired HVFR con-
centration, and it was mixed using a magnetic mixer at a speed of 300 rpm (511 s−1) to
avoid any damage to the fracture fluid properties that could occur using a mechanical
blender at a high mix rate. Then, the friction reducer was tested in two models: unconfined
and confined.

2.2.1. Unconfined Fracture Model

Figure 1 presents the unconfined graduated glass dimensions. The length was 15 cm,
and the diameter was 15 cm, to ensure the glass wall did not impact the settling velocity
measurements. The particles dropped freely in the unconfined fracture system. The ratio
of the spherical diameter to the glass diameter was approximately 1:25, which is acceptable
to avoid any effect of the glass walls.
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Figure 1. Unconfined fracture fluid system.

2.2.2. Confined Fracture Model

Figure 2 shows the confined rectangular model with the following dimensions: the
length was 60 cm, and the fracture widths were 10 or 7 mm. Rubbers that were placed
between the parallel glasses were used to represent the fracture width, as shown in Figure 2.
This rectangular model has two parallel visible glasses to allow measuring and to capture
the solid settling velocity. In this study, the parallel glasses have smooth walls roughness.



Energies 2021, 14, 2462 4 of 18

In our previous work [26] we observed that increasing wall roughness reduces proppant
settling velocity. The friction reducer filled in the parallel fracture model and was left for
an adequate time (one day) to make sure there were no bubbles in the fracture model.
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Figure 2. Confined fracture fluid system.

2.3. Settling Velocity Procedure

The settling velocity measurements in the confined and unconfined models were
evaluated using an advanced camera, which was arranged in front of the model. After
the camera was turned on, a glass particle was dropped from the top to the bottom of the
fracture model to measure the settling velocity of the particle. The particles need to be
dropped carefully near the fracture entrance in the top to avoid any air bubbles that might
stick to the spherical particles, as these can impact the settling velocity results. The settling
measurement of the spherical particles was repeated at least three times to ensure the
settling velocity was as accurate as possible. After every settling experiment measurement,
the model was left for enough time (around 30 min) to allow the friction reducer inside
the model to return to having a homogeneous structure before starting the next settling
velocity experiment so that the upcoming experiment was not affected by the previous one.
After recording videos of the settling measurements of the spherical glass particles using
different particle diameter sizes and different friction reducer concentrations, an advanced
software analyzed the spherical particle motion in the fracture models that were filmed
and calculated the settling velocities.

3. Results and Analysis of Rheology Measurements
3.1. Viscosity Measurements

Figure 3 displays the flow curve and viscosity curve of the HVFR solutions. HVFRs
are shear-thinning fluids, where increasing the shear rate leads to increasing shear stress.
The viscosity properties (k and n) were obtained by drawing the power law curve of each
friction reducer concentration. The results indicate that the consistency index k improved
significantly as the friction reducer concentration increased. At 1 gpt, k was 0.1125, while at a
higher concentration (8 gpt), k was 1.9291. However, the flow behavior index n exhibited an
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insignificant change in its values, specifically at high fracture fluid concentrations. The flow
behavior index values were 0.4916, 0.3772, 0.3062, and 0.2601 for 1, 2, 4, and 8 gpt, respectively.
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Figure 4 shows that the viscosity of the HVFR fluids improved substantially with
increasing concentration but only at a low shear rate and this observation is consistent with
previous results obtained by [27]. At a shear rate of 10 s−1, the viscosities of the HVFR
were 334, 136, 70, and 37 mPa·s for 8, 4, 2, and 1 gpt, respectively. However, at a high
shear rate of 100 s−1, the viscosities of the HVFRs reduced to 63, 31, 17, and 11 mPa·s for
8, 4, 2, and 1 gpt, respectively. Additionally, the significant reduction in the viscosities of
the HVFRs at a high shear rate might imply that the HVFR viscosity did not significantly
impact proppant transport near the wellbore. Therefore, at high shear rates, the reliability
of the fluid viscosity might not provide good sand transport, and the fluid would have
to depend on its elasticity to hold the proppant in the fracture networks. Moreover, the
insignificant changes in the viscosities of the HVFRs that were observed at higher shear
rates (Figure 4) suggest that increasing the concentration of the HVFRs above a certain
level would not continue to improve the HVFR viscosity.
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3.2. Temperature Effect on the HVFR Viscosity

From the results presented in Figures 3 and 4, a concentration of 4 gpt was selected
for further laboratory investigations. Four temperature ranges (i.e., 25, 50, 75, and 100 ◦C)
were used to understand the thermal stability of the HVFRs. A rheometer was used to
investigate the impact of changing temperature of HVFR rheological properties. Figure 5
shows the impact of increasing the temperature above room temperature (25 ◦C) on the
shear rate and shear stress profile for friction reducers of 4 gpt. The results using the
HVFRs showed good resistance to a temperature at 50 ◦C; however, at 75 ◦C, the fluid
exhibited a notable reduction in viscosity. The consistency index k was 0.7858, 0.7077, and
0.4068 for 25, 50, and 75 ◦C. However, the flow behavior index n did not show a significant
change with increasing temperature. Similar observations were also noticed by [28] where
viscosity decreased substantially in all concentrations of friction reducers. In summary,
the HVFR at a concentration of 4 gpt showed better resistance to temperatures above
25 ◦C, but increasing the temperature to 75 ◦C or above led to a significant reduction in the
HVFR viscosity.
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3.3. Time-Dependent Temperature Effect on the HVFR Viscosity

The HVFR viscosity changed as a function of time under the two shear rate values of 10
and 100 s−1. Figure 6 illustrates the influence of increasing the temperature using an HVFR
concentration of 4 gpt. At a shear rate of 10 s−1, the results showed that the HVFR viscosity
at 50 ◦C remained relatively stable, but after approximately 2000 s, the viscosity of the HVFR
started to drop gradually. At the same shear rate, increasing the temperature to 75 ◦C caused
the viscosity of the HVFR to decrease significantly after only 500 s. At higher temperature
values of 100 ◦C, the HVFR started to lose its viscosity, and a portion of the solution
started to evaporate after a very short period. These results could imply that HVFRs
cannot maintain their viscosity at temperatures above 75 ◦C. The viscoelastic parameters
of the fluids exhibit degradation in their rheological structure due to the strength of the
interconnection between fluid’s molecules that reduce as temperature increases [29–31].
As a result, poor proppant transport would be observed inside the network fractures
if this type of HVFR were used for high-temperature formations. Interestingly, when
increasing the shear rate to 100 s−1, similar trends were observed, but a larger reduction in
the fluid viscosity was also noticed for all temperature ranges compared to the viscosity
measurements at low shear rates.
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Figure 6. Time-dependent temperature effect on the viscosity at different temperature values.

3.4. Elasticity Measurements

The elastic properties of fracturing fluid are vital to understand and determine because
they contribute significantly to the efficiency of proppant transport inside fractures. The
elasticity measurements of the HVFRs were made using a variety of fracture fluid concen-
trations. Relaxation time obtained from rheometer measurements was used to determine
the elasticity of the fluid. It can be estimated from the crossover frequency of the loss mod-
ulus G” and storage modulus G′. A long relaxation time means that the fluid has higher
elastic properties compared to a fluid with a short relaxation time [32]. Figure 7 shows that
the HVFR elasticity increased as the HVFR concentration increased. Relaxation time was
4.4, 9.3, 21.3, and 39.84 s for the HVFR concentrations of 1, 2, 4, and 8 gpt, respectively.
Interestingly, compared to the viscosity profile, doubling the concentration of the HVFR
from 4 to 8 gpt increased the relaxation time substantially, which implies that the elastic
properties of HVFRs are in a similar linear relationship with the increasing concentration
of HVFRs.
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In summary, the HVFR concentration impacted the rheological properties substantially,
but this only occurred until a certain level in terms of the viscosity properties. Table 2
summarizes the measurements of the consistency index (k), flow behavior index (n), and
relaxation time for the different HVFR concentrations. In general, the viscosity and elastic
properties of the HVFR improved significantly as the HVFRs increased.

Table 2. Rheological properties of HVFRs using different concentrations at 25 ◦C.

Fluid Concentration,
gpt

Fluid Density,
g/cm3 Relaxation Time, s Consistency

Index, k
Flow Behavior

Index, n R2

1 0.996 4.464 0.1125 0.4916 0.9968

2 0.997 9.346 0.3077 0.3772 0.9929

4 0.997 21.322 0.7858 0.3062 0.9823

8 0.998 39.8406 1.9291 0.2601 0.9883

3.5. Loss Factor or Damping Factor

The loss factor describes the two portions of the viscoelastic behavior. Figure 8 presents
the loss factor (tan θ) of the HVFR using different fluid concentrations that represent
the ratio of the loss modulus (G”, viscous property) to the storage modulus (G′, elastic
property). Figure 8 clearly exhibits that increasing the fracture fluid concentration reduced
the loss factor as the HVFR concentrations increased from 1 to 8 gpt. Additionally, increases
in the angular frequency decreased the loss factor for all HVFR concentrations. The elastic
properties of the HVFR also dominated the viscosity properties as the HVFR concentration
and angular frequency increased, which can be observed when G”/G′ became less than one.
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4. Results and Analysis of the Spherical Particles Settling

The spherical particles settling velocity in creep regimes was measured using two
fracture models: unconfined and confined fracture systems.

4.1. Settling Particle Velocities into Unconfined Fracture Systems

The settling velocity was measured for particles settling in different HVFR concen-
trations (i.e., 1, 2, 4, and 8 gpt). Three spherical particles (i.e., 2, 4, and 6 mm) were used
in this investigation. Figure 9a displays the effect of an HVFR concentration on the set-
tling particles using a 6 mm spherical particle size. The results indicate that the settling
velocity was faster at a low HVFR concentration of 1 gpt compared to the high HVFR
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concentrations of 4 and 8 gpt. That could be due to the impact the HVFR viscosity and
elasticity, which can hold particles for a significant time at higher fluid concentrations.
Further investigation was conducted to understand the effect of different spherical particle
sizes on the particle settling velocity using the HVFR with a 4 gpt concentration. Figure 9b
shows that the settling velocity was more rapid for larger particle diameter sizes due to
their volumes and weights being larger compared to the smaller particles. The terminal
settling velocities of the spherical particles were 0.00133, 0.03167, and 0.05562 m/s for 2, 4,
and 6 mm, respectively.
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Figure 9. Terminal spherical particle settling in the unconfined model: (a) HVFR concentrations and
(b) particle sizes impact.

4.2. Reynolds Number and Drag Coefficient Calculations

The Reynolds number (RePL) was determined using Equation (1) [33], while the drag
coefficient was calculated using Equation (2). The drag coefficient equation should be
used if the Reynolds numbers are below 106 [34]. The fluid resistance that prevented the
spherical particle from falling is represented by the drag coefficient.

RePL =
ρ f ∗ Dpn ∗V(2−n)

K
. (1)

CD =
24

RePL
+

2.6
(

RePL
5

)
1 +

(
RePL

5

)1.52 +
0.411

(
RePL

263,000

)−7.94

1 + ( RePL
263,000 )

−8 +

0.25
(

RePL
1,000,000

)
1 +

(
RePL

1,000,000

)
 (2)

where ρf is the fracture fluid density, Dp is the spherical particle diameter size, n is the flow
behavior index, V is the settling velocity of the spherical particle, and K is the consistency
index of the fluid.

Figure 10a shows the Reynolds number estimation for the three-particle diameter sizes
(i.e., 2, 4, and 6 mm) at different HVFR concentrations (i.e., 1, 2, 4, and 8 gpt). The results
indicate that the Reynolds number increased significantly for a low HVFR concentration
of 1 gpt. This could be due to either the low viscosity or low elasticity of the HVFR at
this concentration, which allows the spherical particle to settle quickly compared to other
HVFR concentrations. At a spherical particle diameter of 6 mm, the Reynolds numbers
were 122.35, 20.80, 1.98, and 0.053 for 1, 2, 4, and 8 gpt, respectively. In addition, the
Reynolds number rose as the size of the particles increased.
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Figure 10b shows the drag coefficient values versus the different particle sizes at
different HVFR concentrations. The drag coefficient improved as the HVFR concentration
increased. At a spherical diameter particle size of 6 mm, the drag coefficient values were
0.94, 2.50, 13.12, and 451.19 using 1, 2, 4, and 8 gpt, respectively.

Further investigation was conducted using velocity ratio ( V∞EL
V∞INEL

.) calculation to
determine the HVFR elasticity impact on the settling rate. The velocity ratio of the spherical
particle was measured using a variety of fluid concentrations and spherical particle sizes.
The velocity ratio was determined by Equations (3)–(5) [35].

V∞EL
V∞INEL

=
1 + We2.42

∞INELn−7.8

1 + We3.15
∞INELn−6.86

(3)

We∞INEL =
2λV∞EL

Dp
(4)

V∞INEL =

(
RePLK
ρ f Dpn

)1/(2−n)
(5)

where We is the Weissenberg number, λ is the relaxation time of the friction reducer, ρf is
the fluid density, and Dp is the spherical particle diameter.

Figure 11 shows the velocity ratio using a variety of HVFR concentrations and spher-
ical particle sizes. Figure 11a exhibits that the velocity ratio rose as the fracture fluid
concentration increased. The concentration of 8 gpt exhibited the higher velocity ratio
compared to 2 or 4 gpt. In addition, in Figure 11b, the spherical particle sizes also signifi-
cantly impacted the velocity ratio, especially for smaller spherical particles. For instance, at
8 gpt, the solid particle with 2 mm had a higher velocity ratio compared to larger particles
diameters, such as 4 and 6 mm.



Energies 2021, 14, 2462 11 of 18

Energies 2021, 14, x FOR PEER REVIEW 11 of 19 
 

 

 

 = 1 + . .1 + . .  (3) 

= 2
 (4) 

= ( ) /( ) (5) 

where We is the Weissenberg number,  is the relaxation time of the friction reducer, ρf 
is the fluid density, and Dp is the spherical particle diameter. 

Figure 11 shows the velocity ratio using a variety of HVFR concentrations and spher-
ical particle sizes. Figure 11a exhibits that the velocity ratio rose as the fracture fluid con-
centration increased. The concentration of 8 gpt exhibited the higher velocity ratio com-
pared to 2 or 4 gpt. In addition, in Figure 11b, the spherical particle sizes also significantly 
impacted the velocity ratio, especially for smaller spherical particles. For instance, at 8 gpt, 
the solid particle with 2 mm had a higher velocity ratio compared to larger particles di-
ameters, such as 4 and 6 mm.  

 
Figure 11. Velocity ratio using: (a) friction reducer concentrations and (b) spherical particle sizes. 

4.3. Settling Particle Velocities in Confined Fracture Systems 
Figure 12 illustrates the settling velocity measurements of the spherical particles us-

ing different HVFR concentrations and a 10 mm fracture width. The results of the settling 
velocity into the confined system exhibited the same trend in the velocity as in the uncon-
fined model both for the HVFR concentration and the spherical particle effects. However, 
the settling velocity in a confined system was slower than in the unconfined system. This 
occurred due to the presence of the wall effect where the spherical particles were governed 
by fracture width, but the spherical particles were in an unconfined system, allowing them 
to settle freely.  

Figure 11. Velocity ratio using: (a) friction reducer concentrations and (b) spherical particle sizes.

4.3. Settling Particle Velocities in Confined Fracture Systems

Figure 12 illustrates the settling velocity measurements of the spherical particles
using different HVFR concentrations and a 10 mm fracture width. The results of the
settling velocity into the confined system exhibited the same trend in the velocity as in
the unconfined model both for the HVFR concentration and the spherical particle effects.
However, the settling velocity in a confined system was slower than in the unconfined
system. This occurred due to the presence of the wall effect where the spherical particles
were governed by fracture width, but the spherical particles were in an unconfined system,
allowing them to settle freely.
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Figure 12. Terminal spherical particle settling in the confined model using (a) 6 mm particle size, and
(b) 4 gpt HVFR concentration.

4.4. Fracture Width Effect

The effect of the fracture width was determined using two fracture widths, 7 and
10 mm. Figure 13 illustrates the impact of the fracture width on the settling velocity
of the spherical particles that had fallen in fracture fluid concentrations of 2 and 4 gpt.
The particle settling velocity decreased sharply when the fracture width was reduced,
and the velocity was more pronounced at a low friction reducer concentration. Using
a 6 mm particle diameter size and 2 gpt fluid concentration, the settling velocities were
0.11 and 0.064 m/s with a 10 and 7 mm fracture width, respectively. However, increasing
the fluid concentration to 4 gpt led to better particle suspension in both fracture widths.
This improvement in the proppant suspension could be due to the enhancement in the
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rheological properties of the fluid, which could create viscous layers on the fracture walls
that would reduce the wall effect.
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reducer concentrations.

Further analysis of the wall effect was conducted using the settling velocity results
presented in Figures 9 and 12 for unconfined and confined fluids. The wall factor is a
ratio of the settling velocity of the particle in a confined model to the settling velocity in
an unconfined model, as presented in Equation (6) [35]. Figure 14 shows the wall factor
(Fw) as a function of the dimensionless diameter (r), where r is the particle diameter over
the fracture width. Based on two fracture widths (i.e., 7 and 10 mm), the wall factor
decreased with an increase in the value of r. This happened because the impact of the
wall retardation increased as the particle diameter size approached the wall spacing sizes.
Additionally, unlike Newtonian fluids, the wall effect is not the only function relating the
particle diameter to the fracture width ratio; there might be other factors, such as the HVFR
elasticity and viscosity.

Fw =
the settling velocity of the particle in a confined system

the settling velocity of the particle in an unconfined system
(6)
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4.5. Particle Concentration Effect

Figure 15 shows a simple confined fracture sketch for single particle settling in com-
paring to multiple particles settling. Figure 16 shows the settling velocity measurements for
single and hindered settling velocity for multiple particles using three particle sizes (2, 4,
and 6 mm) and 4 gpt HVFR within 10 mm fracture width. In concentrated suspension, sed-
imentation is influenced by other particles and hindered settling is observed. The settling
velocity increased substantially due to the interaction with neighboring solid particles.
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As shown in Figure 16a the terminal settling velocities of single particle were 0.00119,
0.02613, and 0.04265 m/s for 2, 4, and 6 mm, respectively. While in Figure 16b where the
particle concentration was 1 lb/gal, the terminal settling velocities of multi particles were
0.022, 0.089, and 0.123 m/s for 2, 4, and 6 mm, respectively. However, Ref. [36] did not
observe a change in settling velocity when particle concentration was higher than 10 lb/gal,
this could occur because of their using of linear gel as fracture fluid. Increasing proppant
concentration leads to increase the settling velocity of the proppant which may reflect on
the fracture half-length to be shorter compared to lower proppant concentration during
hydraulic fracture treatments in the field; however, high proppant concentration could
means better formation conductivity that leads to improve the oil production [37].

4.6. Fracture Orientation Effect

In the laboratory work described above, the settling velocities of different spherical
particles were measured using different friction reducer concentrations at a fracture an-
gulation of 90◦. The lab setup in Figure 17 was used to study the impact of the fracture
orientation on the settling velocity using a 10 mm fracture width. Figure 18 displays the



Energies 2021, 14, 2462 14 of 18

settling velocity at different fracture orientations as a function of the proppant sizes and
fracture fluid concentrations.
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Figure 18. Effect of the fracture angulation on the settling velocity using (a) 4 gpt concentration, and
(b) 6 mm particle size.

The results showed that increasing the inclination fracture from 90◦ to 45◦ decreased
the settling velocity measurements. Using an HVFR of 4 gpt and the same particle size
of 6 mm, the settling velocity in a vertical fracture was 0.042 m/s, and it decreased sub-
stantially to 0.007 m/s at a 45◦ inclined fracture. All of the results for various HVFR
concentrations and particle sizes exhibited the same effect of fracture inclinations. This
occurred because the particle settlement in the inclined fracture would be impacted by
frictional force or contact beside the other forces. In addition, the particle touched the frac-
ture sidewalls as it was transported along the fracture, causing a slower proppant settling
rate. The roughness of the fracture slower the proppant settling rate [38,39]. This slower
settling is attributed to the extra support force exerted by the inclined plane [40,41]. Thus,
the frictional forces increased and the gravitational forces decreased, causing the proppant
to take more time to reach the bottom of the fracture cell. In the settling experiments, this
reduction in the settling velocity increased as the fracture angle decreased.

Figure 19a,b show that the fracture angle had a significant impact on the drag coeffi-
cient (CD). The drag coefficient decreased as the fracture angle increased to 90◦. For all the
HVFR concentrations, the CD decreased dramatically when the fracture angle was below
approximately 60◦, but only an insignificant reduction was observed beyond that.
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5. Conclusions

This comprehensive study provides valuable information related to the rheology and
particle settling velocity in HVFR fracture fluids. The rheological investigation studied the
effect of the HVFR concentration, fluid temperature, and time-dependent temperature on
the viscosity and elastic properties of the HVFR. The particle settling velocity investigation
studied particle settling in confined and unconfined fracture systems. The following
conclusions can be drawn from this research:

â The viscosity and elastic properties of HVFRs provided excellent efficiency to trans-
port particles for a significant time, which can provide a better distribution of the
proppant in fracture networks.

â At a high shear rate, the viscosity of HVFRs decreased sharply, so the viscosity would
not provide good sand transport, and the fracture fluid may depend on its elasticity
to hold the proppant.

â Increasing the temperature cut the friction reducer efficiency to suspend the spherical
particles, and that was observed clearly at temperatures that reached 75 ◦C.

â The settling velocity of the spherical particles in the unconfined model was faster
than the settling velocity in the confined model due to the absence of interference by
the fracture wall.

â As the ratio of the spherical particle diameter to the fracture width increased, so
did the wall effect; however, the wall effect can be reduced by increasing the HVFR
concentration.

â The fracture angulation had a large impact on the particle settling, where the spherical
particles had more contact with the fracture wall at a lower fracture angulation of 45◦

compared to vertical positions (90◦), which may cause a reduction in the settling rate
of the spherical particles.

6. Future Work

There are important factors that were not studied in this current research that should be
evaluated to further understand the HVFR’s capability to suspend and transport particles,
these are as follows:

â The roughness of the surface of fracture walls has a significant impact on the settling
velocity of particles where the smooth surface of the walls used in this current study
could have the lowest impact on the particle settling velocity compared to roughened
surfaces.
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â The effect of the temperature in this work was investigated only in rheology measure-
ments. The settling velocity of spherical particles using a static model was measured
at 25 ◦C, which has not been studied beyond this room temperature. Therefore, it is
recommended to determine the particles settling at high-temperature ranges.
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Abbreviations

CD Drag coefficient
DP Spherical particle diameter, m
G′ Storage modulus, Pa
G Loss modulus, Pa
K Flow consistency index, Pa.sn

n Flow behavior index
RePL Reynold’s number of proppants settling

Velocity in a power low liquid
V Setting proppant velocity, m/s
ρf Fluid density, kg/m3

µ Viscosity, mPa·s
ω Angular frequency, rad/s
λ Relaxation time of the friction reducer
Fw wall factor
Re Reynold’s number
We Weissenberg number
V∞EL Settling velocity in viscoelastic fluids, m/s
V∞INEL Settling velocity in inelastic fluids, m/s

We∞INEL
Dimensionless number relating the relaxation time to particle
diameter and unconfined settling velocity
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