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In this work, based on the Reynolds stress model (RSM) of the computational fluid dynamics (CFD) software Fluent and
experimental method, the velocity field, pressure characteristics, split ratio, and separation efficiency of the hydrocyclone are
analyzed under different gas-liquid ratios (GLRs). For the inlet velocity, the lower limit is ascertained by the flow field stability, the
upper limit is largely determined by the energy consumption, and the optimum range is 4m/s to 10m/s. Within the optimum
range, the peak value of tangential velocity increases while the GLR increases, whereas the pressure and pressure drop decrease.
With the increase in the GLR, the axial velocity decreases, and the locus of zero vertical velocity shifts inward. -e increase in the
GLR causes more gas to collect at the vortex finder, which hinders the discharge of the solid-liquid mixture from the overflow, and
the larger the GLR, the faster the decrease in the split ratio. -e separation efficiency of particles with a particle size of 15 μm is
increased by 6.75%, and the separation efficiency of particles with a particle size of 30 μm is increased by 0.57%. Meanwhile, the
separation efficiency is increased by 2.43%, and the cut size (d50) is reduced as the GLR increases.

1. Introduction

Hydraulic fracturing is the main way of increasing the
production of shale gas reservoirs, but the water and air
would be polluted by fracturing, so the fracturing flow-back
fluids needs to be treated to meet the requirements of
discharge and reinjection [1, 2]. Before chemical treatment,
in order to avoid the abrasion of pipes and other equipment
by high-speed flowing particles, the particles should be
removed [3, 4]. Hydrocyclones are widely used in petro-
chemical industry to separate particles from fracturing flow-
back fluids because of the advantages of ease of operation,
design simplicity, and maintenance costs [5, 6]. In order to
achieve the cyclonic separation of the fracturing flow-back
fluids, the selection of the hydrocyclone is generally based on
general theoretical, empirical, and semiempirical formulas
or the Krebs method [7–9]. However, because of the
complexity of the flow pattern of the internal flow field and
the unfixed parameters, it is difficult to achieve the desired

separation effect. Because of the complex composition of the
fracturing flow-back fluids, the characteristics of gas car-
rying makes the internal flow field more complicated [10].
-erefore, it is necessary to study the internal flow field and
external characteristics under different GLRs and to achieve
the requirement of efficient separation.

-e inlet velocity of the hydrocyclone is important,
which affects the internal flow field and external charac-
teristics of the hydrocyclone such as velocity, pressure, and
split ratio [11], as determining the upper and lower limits of
the inlet velocity of hydrocyclone can reduce energy con-
sumption and improve separation efficiency. -e upper and
lower limits of the inlet velocity of the same hydrocyclone
will be different under different physical parameters. Rie-
tema suggested that the lower limits of the inlet velocity is
determined by static pressure loss and the upper limits of the
inlet velocity is determined by the centrifugal head [12], and
many experiments have determined the maximum limit
with respect to the separation efficiency [13, 14]. In recent
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years, Zhang et al. suggested that the lower limit is ascer-
tained by the flow field stability and the upper limit is largely
determined by the energy consumption [15]. In this paper,
by combining the above research contents, the stability of
the internal flow field is determined by the stability of the air
core. -e lower limit of the inlet velocity is obtained, and the
upper limit of the inlet velocity is determined by the degree
of change of the tangential velocity.

Relative to the inlet velocity, GLR will also have an
important effect on the separation characteristics of the
hydrocyclone for fracturing flow-back fluids. Chu et al.
studied the pressure distribution, stress of particles, and
velocity of the internal flow field of the hydrocyclone by
injecting the gas from the side wall, but did not analyze the
internal flow field and external characteristics under dif-
ferent GLRs [16, 17]. Zhao et al. suggested that the effi-
ciency of separation of oil-water hydrocyclones can be
improved by injecting the gas into the inlet and side walls
[18]. -e GLR will affect the internal flow field while
studying the three-phase hydrocyclone, which improves
the separation efficiency of sand. But the structure is quite
different from the traditional hydrocyclone, which does not
provide reliable guidance for the optimization research of
the traditional hydrocyclone [19, 20]. Miller suggested that
an air-sparged hydrocyclone (ASH) can improve flotation
efficiency of fine particles and gases in the mixture, but the
distribution of the internal flow field is not studied sys-
tematically [21]. Nonaka found that the inlet flow rate of air
has effect on the flotation recovery and the flotation rate
constant, but the influence of the GLR on the internal flow
field is not studied [22].

In this study, the relative optimum inlet velocity range
was studied by flow patterns and equation models (FP-EM)
[15], and the separation characteristics under different
GLRs for the fracturing flow-back fluids of shale gas were
discussed, so as to provide technical guidance for the
optimization of hydrocyclones under similar conditions.
-e characteristics of the internal flow field and external
flow field of the hydrocyclone were studied by CFD soft-
ware Fluent and experimental method. -e simulation
process is as follows. -e air and water are simulated by
RSM+mixture firstly, and the flow field of the hydro-
cyclone at different inlet velocities is obtained, and the
optimum range of inlet velocity under this condition is
determined. -e second step is to simulate water, air, and
sand under different GLRs by RSM+mixture in the op-
timum range inlet velocity, so as to study the influence of
GLR on the internal flow field of the hydrocyclone. Finally,
the external characteristics are studied by experimental
methods, and the experimental values are compared with
the simulated values. -emethod and result of research can
provide guidance for the study of the hydrocyclone under
similar conditions.

2. Numerical Simulation Method

With the development of computational fluid dynamics,
numerical simulation has been applied to the analysis and
prediction of internal flow fields [23, 24]. Because the

Reynolds stress model (RSM) and the mixture model are
widely used in the numerical simulation of the hydro-
cyclone, and the accuracy of the model are verified by a large
number of documents [22, 25], the details of the RSM and
mixture model have been well explained elsewhere [26, 27].
In this study, the key features of the RSM and mixture model
are as follows.

2.1. Reynolds Stress Model (RSM)
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2.2. Mixture Model
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where m represents the mixture phases, n is the number of
phases, and − ρmumi

′ umj
′ is the Reynolds stress term.

It is concluded that the proppant is quartz sand with a
particle size of 90% between 5–30 μm, viscosity is 1.3MPa·s,
and the density is 1020 kg/m3 by the analysis of fracturing
flow-back fluids. In order to confirm the optimum range of
the feed flow rate, a wide range of flow rates from 1m/s to
18m/s are investigated in this work. When the optimum
range is confirmed, in each case, the inlet velocity of 6m/s is
used at the feed flow rate. -e total volume of the liquid and
gas is constant, only the GLR is set as a variable while other
parameters are kept the same, the range GLR is 0–20%. -e
structural parameters are shown in Table 1.

A “velocity inlet” boundary condition is used at the inlet,
and the “out-flow” condition is used at both overflow and
underflow. A “no-slip” boundary condition is set at the wall.
“SIMPLE” is set at the pressure-velocity coupling, “QUICK”
is set at the discretization scheme of volume fraction and
momentum, and “PRESTO!” is used at the discretization
scheme of pressure.
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Figure 1 is the structural parameter and meshing of the
hydrocyclone. Verifying the mathematical model before
numerical simulation can reduce errors of numerical sim-
ulation [26]. -e RSM model was validated against exper-
imental results measured using PIV. -e models with
300,000, 350,000, 400,000, and 450,000 meshes were sim-
ulated, the axial velocity at Z� 72mm was compared, and
the axial velocity at Z� 72mm was tested by PIV.

As can be seen from Figure 2, when the number of
meshes reaches 400,000 the axial velocity is almost un-
changed, and the two velocity curves are consistent basically
by the PIV experiment and CFD numerical simulation.
Based on the above analysis, it can be concluded that the
CFD can predict the internal flow field of hydrocyclones.

3. Results and Discussion

3.1. Optimum Range of Inlet Velocity. An air core is formed
in the negative pressure zone of the hydrocyclone, and the
stability of the air core determines the lower limit of inlet
velocity of the hydrocyclone (in this study, the air core is
defined as the region where the volume fraction of air is
greater than 90%). With an increase in the inlet velocity
from 1m/s to 18m/s, three representative stages have
emerged.

It can be seen from Figure 3(a) that there is an irregular
shape of the air core in the internal flow field and there is a
tendency to interrupt near the spigot. When the inlet ve-
locity reaches 2m/s (Figure 3(b)), the air core is formed
gradually but the fluctuation is large. As the inlet velocity
increases (Figure 3(c)), the diameter of the air core does not
change with time and forms a regular columnar structure at
the axis of the hydrocyclone with a slight oscillation at the
bottom of vortex finder. -is evolution of the air core is
consistent with Cui’s experimental study [28].

When the inlet velocity is 2m/s (Figure 4(a)), the di-
ameter of the air core changes with time continuously and
presents irregular oscillation in the region of Z� 25mm to
Z� 200mm. -e air core diameter is stable when the inlet
velocity is greater than 4m/s (Figures 4(b) and 4(c)), but
there is still a slight change in the bottom of vortex finder. It
can be seen from Figure 4(d) that when the inlet velocity is
too large (v> 14m/s), the variation in the bottom of vortex
finder will become larger, and the air core is no longer a
stable value. It has been found that a stable air core can be

formed at an inlet velocity of 4m/s to 14m/s. In summary,
the hydrocyclone has a minimum inlet velocity of 4m/s
under this operating condition.

Figure 5shows the characteristic curve of tangential
velocity at different inlet velocities of the hydrocyclone at
Z � 72mm and Z � 36mm. It can be seen that the tan-
gential velocity increases with the increase of inlet velocity
in the area far from the vortex finder, as shown in
Figure 5(a). But in the area near the vortex finder, the
tangential velocity can be constant or can even decrease
with the decrease in the radius, as indicated by the black
rectangle of Figure 5(b). Because a higher proportion of
pressure energy is wasted, the vortex intensity would stop
rising when the inlet velocity is too large, and the vortex
finder is the area with the highest turbulence intensity,
which is similar to the conclusion obtained by Exall [11]. It
can be seen from Figure 5(b) that when the inlet velocity is
within 4m/s–8m/s, the tangential velocity remains con-
stant in the free vortex region near the vortex finder. When
the inlet velocity is greater than 10m/s, the tangential
velocity begins to decrease. In order to reduce the energy
consumption and turbulence intensity, the highest prac-
ticable inlet velocity is 10m/s.

Vortex finder

Z = 72

Z = 0

Underflow

19
5.

5

Inlet

36

9.5

12

15

Figure 1: Physical model and meshing.

Table 1: Parameters of hydrocyclone.

Parameter Symbol Value
Diameter of the body D 50mm
Diameter of inlet Di 12× 8mm2

Diameter of vortex finder Do1 15mm
Diameter of outlet Do2 8mm
Length of cylindrical part Lc1 72mm
Length of cone part Lc2 159.5mm
Length of vortex finder Lv 50mm
Particle material S Quartz sand
Mean particle density ρp 2650 kg/m3

Feed solids concentration ρfeed 3%
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3.2. GLR

3.2.1. Pressure and Pressure Drop. �e internal �ow �eld of
the hydrocyclone is a strong swirling �ow, which causes
certain energy loss. �e pressure loss is the premise of the
e�ective separation [26].

Figure 6 shows the characteristic curve of pressure at
di�erent inlet velocities of the hydrocyclone. When the GLR
(volume fraction) is 0, the pressure at the wall is the largest,

and themaximum value is 84 kPa.When the GLR is 20%, the
pressure at the wall is the smallest, and the minimum value is
66 kPa, but the negative pressure value stabilizes at − 5 kPa.
As we can seen from Figure 7 that as the GLR increases, the
pressure drop of over�ow and under�ow is decreasing
continuously, and the trend of change is linear function. �e
over�ow pressure drop is slightly smaller than the under�ow
pressure drop, and the reduction of pressure drop can re-
duce energy consumption. It is against the results of Zhao.
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Figure 3: Patterns of the air core in a hydrocyclone. (a) V� 1m/s; (b) V� 2m/s; (c) V� 14m/s.
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Figure 2: Comparison of distributions of axial velocities.
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Because Zhao et al. conducted a study of injecting gas with a
constant liquid �ow rate [19], the inlet velocity was increased
and the pressure consumption caused a large pressure drop.

3.2.2. Tangential Velocity. As can be seen from Figure 8(a),
at the segment of the column of the hydrocyclone, the peak

of tangential velocity increases with the increase of the GLR,
and the positions of peak value move inward gradually. �e
stress region and the e�ective separation region become
larger. As can be seen from Figure 8(b), the position of the
cone segment is not signi�cantly a�ected by the GLR.

As can be seen from Figure 8, the tangential velocity
distribution is a Rankine vortex with a quasi-free vortex in
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Figure 4: Air core diameters at di�erent times with inlet velocity. (a) V� 2m/s; (b) V� 4m/s; (c) V� 6m/s; (d) V� 18m/s.
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the outer and a quasi-forced vortex in the inner part [29].
According to the Bernoulli equation, the Rankine vortex can
be derived. �at is,

utr
n � c, (3)

where ut is the tangential velocity of the �uid particle in the
�ow �eld, r is the radius of rotation of the �uid particle, C is a
constant, and n is an index.

In separation duties, tangential velocity with a large rate
of change is bene�cial for the separation of particles, because
tangential velocity with a large rate of change produce high
shearing stress. To some extent, the n value can re�ect the
change rate of tangential velocity. According to formula (3),
taking the tangential velocity value of the internal �ow �eld
between two adjacent points and approximating that the
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Figure 5: Characteristic curve of tangential velocity. (a) Z� 72mm; (b) Z� 36mm.
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motion between the adjacent two detection points conforms
to formula (3) [30], that is, ut(i)rni � ut(i+1)rni+1, it is inferred
that

ni− i+1 �
ln ut(i) − lnut(i+1)
ln ri+1 − ln ri

, (4)

where ri is the radius of rotation at the monitoring point,
ut(i) is the tangential velocity at the monitoring point, and
ni− i+1 is the value of n at the two detection points.

Since the cone section is not a�ected by the GLR sig-
ni�cantly and the column section is the main separation
segment, the value of n is analyzed in the column section.

It can be seen fromTable 2.�e value of n increases while
the GLR increases. �e value of n near the vortex �nder is
lower than the value of n near the cone, and the average is
reduced by 0.014 because in the internal �ow �eld of the
hydrocyclone the maximum turbulence intensity appears at
the vortex �nder, which causing the tangential velocity to
stop increasing or even decreasing.

3.2.3. Axial Velocity. Figure 9 compares the axial velocities
with di�erent GLRs. From the wall to the center, the di-
rection of axial velocity is opposite; that is, the outside is
downward and the inside is upward, and this phenomenon
of the axial velocity is consistent with Marins’s experimental
study by LDV [31], as can be seen from Figures 9 and 10 that
the axial velocity of the column section and the cone section
are reduced with the increase of GLR. In the column section
(Figure 9(a)), the maximum axial velocity appears in the area

near the air core and the maximum value is 3.35m/s. �e
minimum axial velocity appears in the area near the wall,
and the minimum value is − 1.85m/s. It can be seen from
Figure 9(b) that the maximum positive axial velocity is
1.05m/s when the GLR is 0, and the minimum positive axial
velocity is 0.93m/s when the GLR is 20%. But there is a slight
change in the negative axial velocity. �e reduction in the
axial velocity causes more mixture to drain to the spigot.

�e area where the black line is located in Figure 11 is the
locus of zero vertical velocity (LZVV). It can be seen from
the Figure 11 that as the GLR increases, the LZVV shifts to
the inside gradually, and in the column section area, the
trend is even more pronounced. It can be seen from
Figure 9(a) that as the GLR increases, the intersection of the
axial velocity and the x� 0 line are closer to the air core. To
some extent, this phenomenon will reduce the split ratio [27]
(here, the split ratio is de�ned as the ratio of the vortex �nder
to the inlet), and it can reduce the short-circuit �ow and
improve the separation e¤ciency of particles.

3.2.4. Radial Stress of Particles. �e stress of the particles in
the radial direction is mainly centrifugal stress Fc [32, 33],
centripetal buoyancy Fb, and �uid resistance Fs. �e radial
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Figure 8: Characteristic curve of tangential velocity. (a) Z� 36mm; (b) Z� 100mm.

Table 2: n value.

n value GLR (%) 0 4 8 12 16 20
Section
Z� 36 0.866 0.867 0.870 0.880 0.881 0.883
Z� 72 0.881 0.883 0.886 0.893 0.895 0.897
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stress of the particles inside the hydrocyclone is shown in
Figure 11; that is,

Fb �
π
6
d3ρg,

Fc �
π
6
d3ρd

u2θ
r
,

Fs � 3πμ du0,

(5)

where d is the diameter of particles, ρ is the density of the
continuous phase, ρd is the density of particles, g is the

gravitational acceleration, and u0 is the velocity di�erence
between the particles and the �uid.

�erefore, the stress equation of the particle is

F �
π
6
d3 ρd − ρ( )

u2θ
r
− 3πμ du0. (6)

It can be seen from Figures 12 and 13 that the viscosity μ
and density ρ of the continuous phase decreases as the GLR
increases, which is caused by the distribution of the gas
phase in the internal �ow �eld. �e density ρd of the solid
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Figure 9: Characteristic curve of axial velocity. (a) Z� 36mm; (b) Z� 100mm.
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particles does not change with the increase of GLR, and the
u2θ/r increases with the increase of GLR. �e velocity dif-
ference u0 is tiny and can be ignored. �erefore, by formula
(6), the radial stress of the particles in the inner �ow �eld can
be increased, which will be more favorable for the movement
of the particles in the radial direction.

4. Experimental Setup and Results

In order to approach the treatment environment of fracturing
�ow-back �uids, the temperature is set to 25°C and the
viscosity of the liquid is 1.3mPas.�e density of quartz sand is
2650 kg/m3.�e volume fraction of particles is 3%.�eGLR is
controlled by adjusting the valves 7 and 9 during the ex-
periment. �e experimental setup is shown in Figure 14.

Figure 15 shows the split ratio at di�erent GLRs. It can be
seen that the split ratio (Rf ) is 87.09% when the GLR is 0,

and the minimum split ratio is 85.26% when the GLR is 20%,
then the split ratio decreases with the increase in GLR. �e
split ratio is decreased by 0.51% when GLR� 0 to GLR� 2%,
but the split ratio is decreased by 13.68%when GLR� 18% to
GLR� 20%.

Because of the density, the gas is separated �rst and
concentrated at the vortex �nder, which hinder the liquid
and particles entering the vortex �nder. In addition, as can
be seen from Figure 9(a), as the GLR increases, the negative
axial velocity increases, and this phenomenon causes more
mixture to drain to the spigot; as the GLR increases, the
LZVV shifts to the inside gradually (Figure 10), which re-
duces the short-circuit �ow.�us, the split ratio decreases as
the GLR increases.
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(12) sampling port; (13) venting.
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Figure 15: Characteristic curve of split ratio.

Mathematical Problems in Engineering 9



Figure 16 is the characteristic curve of separation e¤-
ciency. �e separation e¤ciency of solid particles is 80.97%
when the GLR is 0 and 83.40% when the GLR is 20%. �e
higher the GLR is, the higher the separation e¤ciency is, and
the distribution of the separation e¤ciency is a linear
function.�e �tness formula is y� 0.1287x+ 80.962 (where y
is the separation e¤ciency and x is the GLR) and R2� 0.9872.

It can be seen from Figure 17 that the particle size of
15 μm is a�ected greatly by the GLR, and the separation
e¤ciency is increased by 6.75%. �e particle size of 30 μm is
a�ected less by the GLR, and the separation e¤ciency is
increased by 0.57%. When the particle size is between 5 μm
and 20 μm, the separation e¤ciency increases with the in-
crease of the particle diameter. When the particle diameter is
larger than 20 μm, the degree of separation e¤ciency does
not change signi�cantly with the increase of the particle
diameter. In addition, as the GLR increases, the cut size (d50)
shifts to the left; that is, the cut size is reduced with the
increase of GLR.

�e reasons for this phenomenon can be concluded as
follows: the tangential velocity determines the magnitude of
centrifugal force and the n value can re�ect the steepness of
the tangential velocity inside the vortex region. With the
increase of tangential velocity and n value, the radial stress of
particles becomes larger. In addition, with the decrease of
viscosity and density of continuous phase the radial stress of
the particles in the internal �ow �eld can be increased, which
will be more favorable for the movement of the particles in
the radial direction.

5. Conclusion

Based on the Reynolds stress model (RSM) of the compu-
tational �uid dynamics (CFD) software Fluent and

experimental method, the internal �ow �eld and external
characteristics under di�erent GLRs and the optimum range
of inlet velocity are studied. �e major �ndings from the
present study can be summarized as follows:

(1) �e optimum range of inlet velocity for fracturing
�uids is determined by analyzing the internal �ow
�eld; that is, the lower limit is ascertained by the �ow
�eld stability, and the lower limit is 4m/s. �e upper
limit is largely determined by the energy con-
sumption, and the upper limit is 10m/s.

(2) Within the optimum range, the pressure decreases
while the GLR increases; that is, when the GLR is 0,
the pressure at the wall is the largest, and the
maximum value is 84 kPa. When the GLR is 20%, the
pressure at the wall is the smallest, and the minimum
value is 66 kPa. �e pressure drop of over�ow and
under�ow are decreasing continuously, and the
trend of change is linear function. �e over�ow
pressure drop is slightly smaller than the under�ow
pressure drop, and the average di�erence is 0.33 kPa.

(3) �e peak of tangential velocity increases with the
increase of the GLR, and the positions of peak value
move inward gradually. �e forced region becomes
larger, and the e�ective separation region becomes
larger, but the position of the cone segment is not
a�ected by the GLR signi�cantly. With increasing
GLR, the value of exponent n for the tangential
velocity inside free vortex region is increased, leading
to a slight increase of separation performance for
particles.

y = 0.1287x + 80.962
R2 = 0.9872
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(4) -e axial velocity of the column section and the cone
section are reduced with the increase of GLR. -e
LZVV shifts to the inside gradually, and in the
column section area, the trend is even more pro-
nounced.-e increase in the GLR causes more gas to
collect at the vortex finder, which hinders the dis-
charge of the solid-liquid mixture from the vortex
finder. -e larger the GLR, the faster the decrease in
the split ratio; the split ratio is decreased by 0.51%
when GLR� 0 to GLR� 2%, but the split ratio
is decreased by 13.68% when GLR� 18.8% to
GLR� 20%.

(5) -e particle size of 15 μm is affected greatly by the
GLR, and the separation efficiency is increased by
6.75%, and then the particle size of 30 μm is affected
less by the GLR, and the separation efficiency is
increased by 0.57%.-e higher the GLR is, the higher
the separation efficiency is; the distribution of the
separation efficiency is a linear function, and the cut
size (d50) is reduced with the increase of GLR.
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