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ABSTRACT

In order to improve the transportation efficiency and safety of the vertical hydraulic transport pipe, a hew type
of pipeline transport system with helical blade is proposed in this paper. Based on CFD-DEM coupling
method, the liquid-solid two-phase flow characteristics are analyzed for the swirling pipes and no blade pipe.
The study focuses on the effect of the different helix angles of helical blade pipes in terms of the distributions
of fluid velocity, the fluid vorticity, the total pressure, the particle’s local concentration, the drag force and
kinetic energy of particles. Subsequently, the transport efficiency is measured based on the starting speed of
particles and the particle concentration, and the safety of the particle transportation is evaluated based on the
flow structure and the kinetic energy of particles. It is found that the tangential velocities of the swirling pipes
are clearly larger than that of the case of no blade pipe, and the swirling number decreases as the increasing of
helix angle of helical blades within swirling pipe. As the decreasing of helix angle, the vorticity magnitude
increases sequentially, and the vortex core structure of the flow field is gradually enriched. Meanwhile, the
total pressures for the swirling pipes decrease rapidly after the fluid enters the helical blades region, reflecting
the difference energy efficiency of the swirling pipes. Furthermore, the swirling pipe accelerates the starting
speed of the particle, and then increases the particle concentration in the pipe while making the particle spatial
flow structure better and the particle kinetic energy larger. In general, the swirling pipe makes the particle
transportation more efficient and safe.

Keywords: Liquid-solid two-phase; Kinetic energy; Swirling flow; CFD-DEM; Vorticity.

NOMENCLATURE

CFD  Computational Fluid Dynamics Sij antisymmetric tensor in the velocity
Cui local concentration gradient tensor
DEM Discrete Element Method va/Ur  dimensionless axial velocity
Ext total kinetic energy of particle group Vpar volume of particle
Fe collision force Vpi volume of the pipe
Fo/Fc dimensionless drag force vi/Ui  dimensionless tangential velocity
Fw transfer quantity of liquid-solid phase
k turbulent kinetic energy 17 void ratio
P total pressure & turbulent dissipation rate
p* dimensionless total pressure p fluid density
Q Q-criterion Qij symmetric tensor in the velocity gradient
S swirling number tensor

1. INTRODUCTION deep sea, countries around the world have turned

their attentions to the oceans that have not yet been
With the depletion of terrestrial mineral resources systematically developed. Large-scale exploitation
and the development of human understanding of the of Marine resources has become an important
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strategic goal of all countries in the world, and
deep-sea metal mineral resources will surely
become the replacement of resources needed by
human beings in the 21st century (Tang et al. 2013
and Xiao et al. 2014). The deep-sea metal mineral
resources enriched in the deep ocean belong to the
category of coarse particles, and the deep-sea
mining technology that collects, breaks and elevates
the deep-sea metal mineral resources stored in the
seabed thousands of meters deep in the ocean from
the ocean bottom to ships is extremely important
(Hein 2003 and Baker 2007). According to the
existing research results of deep-sea mining
technology, vertical pipeline hydraulic lifting
system is most likely to become the first generation
of the commercial mining system (Tang et al.
2013).

Pipeline hydraulic transportation is a kind of
transportation modes that use liquid (usually water)
as the carrier to transport solid materials through
pipelines. Pipeline transportation technology has
been widely applied in the engineering field due to
its advantages of no pollution, energy saving, no
weather impact and large transportation volume
(Bai et al. 2001). At present, the research on
hydraulic transport of solid particles in pipelines
mainly focuses on the study of solid-liquid two-
phase flow characteristics. Newitt et al. (1955)
proposed four movement patterns of homogeneous
flow, heterogeneous flow, bedded flow and fixed
sediment flow according to the movement
characteristics of particles in the horizontal pipe.
Durand (1952) established the relationship of the
critical flow rate by taking pipe diameter
D=0.04~0.58m and particle size D=0.44~2.04mm
as experimental conditions. Xu et al. (1998)
proposed a new model for the distribution of
heterogeneous flow velocity in horizontal pipes
from the analysis of momentum transfer of particles
and carriers. Cao et al. (2012) studied the motion
state and critical condition of particles in horizontal
pipe based on different particle sizes, volume
concentrations and conveying velocities, and
proposed the calculation formula of critical
condition. Asakura et al. (1997) adopted numerical
simulation method to simulate the hydraulic lifting
process of the vertical pipe. The lifting material was
glass beads with 2mm diameter, and the local
average velocity of the liquid phase was obtained.
Xia et al. (2004) adopted a new method to calculate
the hydraulic gradient in the vertical pipeline, and
established a formula to calculate the total hydraulic
gradient of the mixture flow under different flow
and solid load conditions. Among the current
research results on liquid-solid two-phase flow
characteristics, there are plenty of studies on
horizontal pipe and relatively few studies on
vertical pipe. Meanwhile, most of the research
objects are fine particle slurry, and the motion state
of coarse particles in the pipe is very complicated.
Therefore, it is extremely necessary to study the
characteristics of solid-liquid two-phase flow during
the transportation of coarse particles in vertical
pipes.

The traditional deep sea mining hydraulic lifting

system mostly adopts axial flow conveying, while
the swirling flow has the advantages of
concentrated energy, strong carrying capacity and
high conveying concentration compared with the
axial flow. The structure of the guiding device
determines the intensity and structure of the
swirling flow, Bali and Sarac (2014) developed a
propeller-type guiding device that introduced
attenuating vortices and analyzed their effects on
pressure drop and heat transfer in the flow field. Li
and Tomita (2000) used a radial vane-type guiding
device to conduct an experimental study on the
characteristics of particles in horizontal swirling
pneumatic conveying, and measured the particle
velocity distribution and region concentration using
photographic image technology. Escudier et al.
(1980) adopted the tangential inlet type guiding
device on the end-surface, obtained the LDA
measurement results of the finite turbulence vortex,
and analyzed the significant change trend of its
vortex structure. Derksen (2005) simulated the
turbulence in the tangential inlet pipe, analyzed the
average velocity distribution of the entire vortex
tube, and concluded that it was closely related to the
pipe diameter of the outlet. Fokeer et al. (2009,
2010) studied a three-lobed spiral type guiding
device, analyzed its axial and tangential velocity
distribution and the attenuation law of swirl
number, and verified the reliability of the test
through numerical simulation. Zhou et al. (2016)
combined the experimental device of Fokeer et al.
(2009, 2010) with rifle pipe and guide vane pipe,
and comprehensively analyzed the velocity
distribution, pressure drop, particle distribution and
energy consumption of the flow field guided by
different device. However, most of the above-
mentioned swirling guiding devices were applied in
pneumatic swirling conveying, and most of the
materials in conveying are fine particles, so they
had limitations of application in the deep-sea
mining condition. The propeller-type guiding
devices developed by Bali et al. (2014) and Li et al.
(2000) have strong swirling intensity, but the
material particles could not pass the guiding device,
which was not applicable in the deep sea mining
conditions. The tangential jet guiding device studied
by Escudier et al. (1980) and Derksen (2005) had
the highest intensity, but it consumed plenty of
energy and was difficult to implement in the deep-
sea environment. The helical wall devices studied
by Fokeer (2009, 2010) and Zhou et al. (2016),
such as three-lobed spiral pipe and rifle pipe, were
relatively reliable and feasible in structure. But the
swirling intensity of helical wall devices was
relatively low and the processing of pipe was
relatively difficult.

In this paper, a new type of pipeline transport
system with helical blade is proposed to improve
the transportation efficiency and safety of the
vertical hydraulic transport pipe. Based on CFD-
DEM coupling method, the liquid-solid two-phase
flow characteristics are analyzed for the swirling
pipes and no blade pipe. The study focuses on the
effect of the different helix angles of helical blade
pipes in terms of the distributions of fluid velocity,
the fluid vorticity, the total pressure, the particle’s
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local concentration, the drag force and Kkinetic
energy of particles.

2. METHODOLOGIES

2.1 Governing Equation

Under the Euler-Lagrangian framework, the liquid
phase and solid phase models were adopted based
on the CFD-DEM coupling method. Since the fluid
velocity analyzed in this paper was much lower
than the sound speed and there was no significant
heat exchange in the process of transport, it was
only necessary to define the liquid phase control
equation from the aspects of mass conservation and
momentum conservation.

2.1.1 Governing Equation of the liquid
phase

The Navier-Stokes equations are used to solve the
continuous liquid-phase flow (Fokeer et al. 2010):

Oap,
——+V-paU, =0

ot poy, (1)
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a (2

Where pi is the fluid density, t is the time, U is the
fluid velocity, pu is the fluid viscosity, a is the void
ratio, g is the gravitational acceleration, and p is the
pressure. Fw is the transfer quantity of liquid-solid
phase:

Fw = Fdrag + FMagnus + FSaffman (3)
The Realizable k-¢ turbulence model (Shih et al.
1995) can well simulate the flow conditions of
swirl, shear flow and flow in the pipeline. The
governing equation is described by:
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Where k and ¢ represent the turbulent Kinetic energy
and the turbulent dissipation rate, respectively. ox,
os;, Cland C2 are 1, 1.2, 1.44 and 1.9, respectively;
ox, o are the Prandtl numbers corresponding to the
turbulent energy k and the dissipation rate ¢, C1 and
C. are constants. vi is the kinematic viscosity
coefficient, and wi is the mean velocity of liquid
(Shih et al. 1995 and Ghaya et al. 2019).

2.1.2 Governing Equation of The Particle
Phase

The Newton’s law of motion is used to describe the
particle’s translational and rotational motions
(Zhou, 2014):

du 6
mp Ttp = Fdrag + FSaffman + FMagnus + Fc + mpg ( )
d
=T,
dt 7)

Where mp and Ip are the mass and moment of inertia
of the particle, Uy and wp are the translational
velocity and rotational velocity of the particle, Ty is
the particle moment, Fc is the collision force of
particle-particle and particle-wall, modeled by the
Soft-sphere Contact Model.

Drag force is an important parameter affecting the
liquid-solid two-phase momentum exchange. The
Ergun (1952) and Wen and Yu (1955) drag model is
used to calculate the drag force of each single
particle in the flow field:

£, = PelulVs
l1-a (8)

Where Vp is the single particle volume, Uyp is the
relative motion velocity between water and
particles, Uip=Ui -Up, B is the liquid-solid phase
resistance coefficient, which is calculated by
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Where deq is the equivalent spherical diameter of
the particles, which is calculated as spherical
particle diameter in this paper; Cq is the drag
coefficient of single particle.

24(1.0+ O.25Reg‘587)
C, = Re,
0.44 Re >1000 (10)

Re <1000

After introducing the void ratio o, the particle
Reynolds number Rep is expressed as

ap,d,, U
Rep: pl Ip‘

eq
Ha (]_]_)

The Magnus force and Saffman force are small
when compared with the drag force, and Tsuji et al.
(2008), Karimi and Dehkordi (2015) have made a
detailed explanation.

2.2 Simulation Modeling

The pipe model analyzed in this study contains the
helical blades with a certain helix angle. The pipes
with the helix angles of 30°, 45° and 60° were
selected as the research objects, and the diameter of
the pipe was 200mm. Figure 1 showed the
schematic diagram for geometry of three types
blades, and different pipelines were abbreviated by
working condition codes BL1, BL2, BL3 and NBL
respectively, as shown in Tab. 1. And BL1, BL2,
BL3 are collectively referred to as swirling pipes.

Tab 1 Working condition codes for all cases

Working condition Code
Helical blade with 30° helix angle
L . BL1
inside the pipe
Helical blade with 45° helix angle
L . BL2
inside the pipe
Helical blade with 60° helix angle
L . BL3
inside the pipe
No blade pipe NBL
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Fig. 1. Schematic diagram for the helical blade
pipes with three different helix angles.

Figure 2 showed the schematic diagram of the
conveying process of swirling pipe. Considering the
existence of the helical blade, the numerical
calculation model was divided into three calculation
areas: inlet region, helical blade region and
downstream region.

The grids of different computational domains were
divided separately. The inlet region and the
downstream region were divided by a hexahedral
structured grid. The helical blade region was
divided by a tetrahedral unstructured grid, and both
structured and unstructured grid segments were
refined near boundary, including grids near the
blade surface. The interface face was used to
connect incompatible computing domains, as shown
in Fig. 3.

During the CFD-DEM coupling process, Fluent
first calculates the flow field at a certain time
point until the convergence of residual, and uses
the drag force model to convert the information of
flow field into the drag force acting on the
particles in EDEM. Subsequently, EDEM
calculates the external force (drag force, gravity,
collision force, etc.) on each particle, and updates
the position and velocity of the particles. Finally,
the properties of these particles are added to the
CFD calculation in the form of momentum sink,
which affects the flow field, and a new round of
calculation is subsequently performed.

In the CFD calculation, the pressure-based solver
was used due to the fluid velocity was much lower
than the speed of sound, and the Realizable k-¢
turbulence model was selected. The Standard wall
function was used to calculate the near-wall flow,
which can ensure the accuracy of the calculation
results and keep the number of grids on a
reasonable order of magnitude (Ariyaratne et al.
2007). The governing equations were discretized
based on the finite volume method, and the
QUICK discretization scheme was used to solve
the momentum and turbulence equations. The
SIMPLE algorithm was applied to ensure
pressure-velocity coupling.  Further, in the
boundary condition, the inlet of the flow field was
set as the velocity inlet, the outlet was set as the
pressure outlet (0 Pa), and the rest were no-slip
walls.

In the CFD-DEM coupling calculation, the
Eulerian-Lagrangian method was adopted for
coupling control, and the Ergun (1952) and Wen

and Yu (1955) drag model was selected, and
Saffman lift and Magnus lift were considered at the
same time. The remaining simulation parameters
applied in this work were shown in Tab. 2.

2.3 Model Validation
2.3.1 Tests of Grid Size Independence

In order to verify the accuracy of the model, the
numerical model was divided by four different grid
sizes, and four different time steps were used in the
CFD numerical calculation. In CFD-DEM
calculation, the CFD time step was generally
between 10 and 100 times the DEM time step, so
the CFD calculation time step was set to 0.01s,
0.007s, 0.004s, 0.001s, respectively. The total
simulation time of all cases was set to 10s, the
maximum number of iterations per time step was 30
and the convergence residual standard was 1E-5.

In this paper, the Standard wall function was
adopted to calculate the flow of the near-wall region,
so the node of the first-layer grid was arranged in
the log-Law layer, that is, the range of y+ is 30-300
(Xiong et al. 2012). The height of the first-layer
grid was estimated by Eq. 12 (Schlichting 1979),
and then the numerical calculation is carried out to
check the actual value of y+.
A

y' = 0.172Ty Re??

(12)

Where Ay is the height of the first-layer grid, L is
the reference length, Re is the Reynolds number.

Hence, when meshing, the y+ was taken as 40. The
near-wall region of the grid was divided based on
the first-layer grid height of 0.0003m and the grid
increasing ratio of 1.2. Tab. 3 showed the
parameters of the four different grid sizes.

Table 3 Grid parameters

. Number of Number of
Grid
nodes cells
Coarse grid 112084 212966
Medium grid C 208046 469557
Medium grid F 451290 916966
Fine grid 672058 1591154

The cross section (14D) twice the pipe diameter
from the outlet of the generator section was selected
as the observation plane for comparison, and the
maximum axial velocity was selected as the
analytical index, as shown in Fig. 4.

As shown in Fig. 4, the maximum axial velocity at
the 14D observation plane varied with the change of
the grid size and the time step, and the maximum
axial velocity was approximately positively
correlated with the calculation time step. But when
the mesh size was reduced to the Medium grid F
and time step was reduced to 0.004s, the trend was
no longer obvious. Hence, the CFD calculation time
step was set to 0.004s, and the Medium mesh F with
a grid number of 916966 was selected in the
numerical simulation.
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Fig. 2. Schematic diagram of the conveying process of swirling pipe.

Interface | Interface I

TI-I11

l
c s i i P

e —
[II-I11

_———
/\\ Gravity direction  Flow direction

d

Fig. 3. Fluid domain meshing of swirling pipe.

Table 2Parameters of simulation

Phase|  Item Details Index Unit Value
CFD| Materials Fluid/water Density kg-m-3 1025
Viscosity kg-:m?.s?t 1.003E-3
Boundary S . . 4
conditions Velocity-inlet Velocity magnitude m-s 3
Turbulence Turbulence intensity - 3%
Pressure outlet Gauge pressure Pa 0
Wall Wall motion Stationary wall
Shear condition No slip
DEM| Materials Particle Poisson’s ratio - 0.25
Shear modulus Pa 1E+8
Density kg-m3 2040
Wall Poisson’s ratio - 0.3
Shear modulus Pa 7E+10
Density kg-m3 7800
Interaction | Particle-particle | Coefficient of restitution - 0.525
Coefficient of static friction - 0.642
Coefficient of rolling friction - 0.05
Interaction contact model Hertz-Mindlin(no slip)
Collision model Soft-sphere Contact Model
Particle-wall Coefficient of restitution - 0.525
Coefficient of static friction - 0.4
Coefficient of rolling friction - 0.05
Interaction contact model Hertz-Mindlin(no slip)
Collision model Soft-sphere Contact Model
Particle | Particle factory Particle radius mm 5,10
Factory type Dynamic/unlimited number
Target mass kg/s 7.5
2.3.2 Comparison of The Experimental diameters ranged between 0.18 and 2.4 mm. Among
Data a large number of experimental data measured by

Gillies, the experimental condition of a flow
Gillies and Shook (1994) studied the concentration velocity of 3.9m/s and a pipe diameter of 0.263m
distributions for sand slurries f|OWIng in horizontal was selected for numerical simulation. The

pipes. The diameter of pipes used in the experiment  Reynolds number of this experimental condition
ranged between 50 and 500 mm, and the particle was 9E+10, which was on the same order of
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magnitude as the simulation conditions studied in
this paper. In this condition, the particle size is
0.55mm and the particle concentration is 15%, 25%
and 30%, respectively.
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Fig. 4. Maximum axial velocity at 14D position
for different Grid sizes and time steps.

In this comparison, the Realizable k-¢ turbulence
model and the SIMPLE algorithm and the QUICK
discretization scheme were adopted in Fluent, and
the Standard wall function was adopted to calculate
the near-wall region. In EDEM, the particles were
set as spherical particles to reduce the cost of
calculation, and the particle density was
2650kg/m3. The Hertz-Mindlin (no slip) model was
selected to control the particle-wall and particle-
particle contact. After the numerical simulation, the
results were compared with Gillies’s experimental
data, as shown in Fig. 5.

B Cv=15% Experimental
—— Cv=15% Numerical

o6f v - A Cv=25% Experimental
A - =+ Cv=25% Numerical
04 r & Cv=30% Experimental

- - Cv=30% Numerical

ZIR

0.6

Sand Concentration

Fig. 5. Comparison of the concentration
distribution for different conditions.

In Fig. 5, because of the full development of the
flow at 50D section, the particle concentration
distributions of experimental data and numerical
simulation data were compared at 50D section. As
shown is Fig. 5, the simulated data agreed well with
the experimental data of Gillies, especially in low
concentrations (15%) conditions. The error existed
because of the different operating modes of
simulation and experiment. For example, Gillies
added particles to the tank for mixing in the
experiment, which has some errors with the particle
concentration generated in the particle factory in

EDEM. In addition, Gillies noted that the over-
pumping flow of particles resulted in the formation
of a small amount of powder which affected the
concentration distribution.

It was also shown in Fig. 5 that in the upper part of
the pipe, the simulated data was in great agreement
with the experimental data, while there was some
acceptable error at the bottom near- wall region.
However, the working condition studied in this
paper was vertical pipe transportation, and there
would not be a large number of particles stacked on
the wall. Therefore, the model selected in this paper
was very reasonable, and the simulation results
were highly reliable.

3. RESULTS AND DISCUSSIONS

3.1 Fluid Flow

The flow characteristics analysis of the fluid phase
for the swirling hydraulic transport is the basis for
studying the multiphase flow characteristic, and
then the flow velocity distribution, swirling
intensity and vortex structure are analyzed to clarify
the flow field characteristics in the swirling pipes
and no blade pipe.

3.1.1 Flow Velocity Distribution

Figure 6 shows the comparison of the dimensionless
axial velocity (va/Ui) and tangential velocity (v/Ui)
of the three different swirling pipes with no blade
pipe at different observation planes along the
conveying direction (y), Ui is the fluid velocity of
the inlet. The average value of axial and tangential
velocity of each observation plane are counted
during a cycle of monitored pressure fluctuations,
The horizontal axis is the dimensionless radial
distance of the pipe (r/R), and the flow velocities
are analyzed at four section locations: y = 14D, y =
16D, y = 18D, and y = 20D from the pipe inlet.

As shown in Fig. 6(a), the distribution
characteristics of va/Ui in the swirling pipes are
significantly different from no blade pipe at
different observation planes. At y=14D, a
symmetrical warhead-like distribution structure is
presented in the no blade pipe, while swirling pipes
have a distinct asymmetric distribution. Although
the va/Ui of BL2 and BL3 exhibits an asymmetric
distribution, it approximates the distribution
structure of NBL, while BL1 exhibits an M-shaped
axial velocity distribution. Meanwhile, from BL1 to
BL3, the maximum axial velocity decreases in turn,
but both of them are higher than the maximum axial
velocity of the NBL.

From 16D to 20D, the axial velocity distributions of
all cases are similar to the location of 14D section.
As the observation plane is farther away from the
exit of the helical blade region, the peaks of the
axial velocity decrease in BL1, BL2, BL3, but the
opposite trend is shown in the NBL. The axial
velocity of swirling pipes tends to be symmetrically
distributed and the maximum axial velocity of BL2
exceeds that of BL1.

The fluid velocity in the pipe is divided into axial
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(a) Dimensionless axial velocity (va/Ui)
Fig. 6. Profiles of fluid velocity distributions for the three different swirling pipes and no blade pipe.

(b) Dimensionless tangential velocity(vi/Ui)

Table 4 Equations of swirling number for three helical blade pipes

BL1

BL2

BL3

S= 0l97178e70.01835|/d

S =0.57803¢ 00l

S — 0.343956—0.01493|/d
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velocity and tangential velocity, and the magnitude
of the tangential velocity directly affects the
swirling intensity. As is shown in the y=14D section
in Fig. 6(b), the dimensionless tangential velocity
(v/Ur) has a significant difference in magnitude
from BL1 to BL3. The v/U; of BLL1 is the highest,
BL2 is the second, and BL3 is the smallest, while
vi/Ur of the NBL is too weak to be ignored. The
vi/U; of BL1 is about 1.5 times that of BL2, which is
more than twice that of BL3. This indicates that the
swirling intensity of BL1 should be significantly
stronger than others.

From the 16D to 20D section, the distribution of
vi/Ur all cases are same as the 14D section. The
difference is that along the flow direction, v/Ui
gradually decreases at each section, representing the
gradual decay of the swirling intensity.

3.1.2 Swirling Intensity

The swirling number, the most common
dimensionless index, is used to characterize the
swirling intensity to quantify the swirling
characteristics represented by the tangential velocity
in the swirling pipes field.

The physical meaning of the swirling number is the
ratio of the hoop flux to the axial flux in the flow
field (Fokeer et al. 2009, Klan¢isar et al. 2016, Li
and Tomita, 1994, Li and Tomita, 1996 and Algifri
et al. 1987), which is defined by

]
v,V redr
s=d.2
Ivirdr
° (13)
Where va and vt are the axial and tangential
velocities, respectively; R is the pipe radius; r is the
radial distance.

After the calculation by using Eq. (13), the swirling
number (S) is presented in Fig. 7, and the tangential
velocity of the NBL is too small to be ignored.
Figure 7 shows that the swirling number gradually
decreases along the flow direction, and the swirling
number of BL1 is the largest, which is about 1.7
times and 2.6 times that of BL2 and BL3,
respectively. However, the decay of the swirling
number of BL1 is also the fastest. From 16D to
36D, the decay rate of the swirling number of BL1
is about 32%, and the decay rates of the swirling
number of BL2 and BL3 are 29% and 24%,
respectively.

As was strongly validated by Li and Tomita (1994)
and Algifri et al. (1987), the decay of swirling
number was also accorded with the following
exponential law
— cl/d
S=S.e (14)
Where S and C are constants, and according to Eq.
13, the residual of each constant is in the order of
1E-5, as shown in Tab. 4.

3.1.3 Vortex Structure
The vorticity is defined as the curl of the fluid
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velocity and is usually used to measure the intensity
and direction of the vortex. In this study, the
vorticity nephogram of the flow field is drawn on
the axis plane in each swirling pipe to visually
analyze the swirling intensity, as shown in Fig. 8. In
order to properly arrange these images, the images
of pipes are placed horizontally.
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Fig. 7. Swirling number for three different
swirling pipes.

The vorticity distributions in all cases are generally
similar, as shown in Fig. 8. The vorticity of the inlet
region in front of the blade is low, and the
maximum vorticity appears in the helical blade
region, and then gradually decreases along the flow
direction. Moreover, the vorticity value of the
central flow region is significantly larger than the
near-wall region.

It can be seen that the radial dimension of the
vortex sheet in the flow field increases from BL3 to
BL1 in sequence. The reason is that the swirling
intensity increases in turn due to the increasing of
fluid tangential velocity from BL3 to BL1 (Fig.6.
b). Therefore, a larger low-pressure zone is needed
to balance the centrifugal force. This implies the
radial dimension of the central flow region becomes
larger as the swirling intensity increases.

The fluid velocity gradually increases away from
the axis of the pipe in the radial direction, as shown
in Fig. 6, which indicates that the helical blade
region has a forced vortex region (Prabhansu 2017),
that is, the fluid vorticity is large in this region, and
it should be strong rotational motion and shearing
motion here. Since the vorticity can only shows the
magnitude of the vortex, and in order to further
analyze the shape and position of the vortex, the Q-
criterion is introduced to extract the structure of the
vortex core. The Q-criterion is the quadratic
invariants of the velocity gradient tensor. The
definition is

Q= (QijQij -8,8;)12 (15)
Where Qij and Sij are the symmetric tensor and the
antisymmetric tensor in the velocity gradient tensor,
respectively. These two tensors definitions are
defined as follows:

S; :(uij +uji)/2 1)
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Fig. 8. Vorticity magnitude nephogram of the flow field for three different swirling pipes.
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Fig. 9. Pressure distribution of three different swirling pipes based on equal vorticity surface.

Q; z(uii _“ji)/z 17)
Q indicates the extent to which QijQjj is larger than
SijSij. The Q-criterion is the response to the balance
between the deformation and rotation of the fluid
micelles in the flow field. At the position of Q>0,
the rotation rate Q dominates, that is, the vortex
structure dominates in this region.

The BL1 to BL3 vortex structure is extracted with
same Q value, and a pressure nephogram is attached
to the equal vorticity surface, as shown in Fig. 9.

There is a distinct vortex core in the central region,
as shown in Fig. 9, indicating a significant
rotational motion of the fluid in this region. From
BL3 to BL1, the vortex structure of the flow field is
gradually enriched, which is also consistent with the
increasing trend of the vorticity. In the flow
direction, the vortex structure gradually develops
regularly, and at the same time, it gradually breaks
down and weakens as the swirling intensity
decreases. It can be found that the vortex core of the
BL3 which is extracted by the same Q value is the
longest, that is, the rupture attenuation rate of the
vortex structure of the BL3 is the slowest, which is
also consistent with the conclusion that the
attenuation rate of the swirl number of BL3 is the
smallest (Fig. 7).

3.2 Load Particles
3.2.1 Total Pressure Drop

The total pressure of the flow field characterizes the
total energy of the flow system, and the total
pressure drop represents the energy consumption of
the system. In order to more clearly analyze the

total pressure drop of each working condition, the
total pressure of the flow field adopts a
dimensionless form:

. P

P =
3puf (18)

Where P is the dimensionless total pressure; P is
the total pressure of system, which is a average
value counted during a cycle of monitored pressure
fluctuations.
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Fig. 10. The dimensionless total pressure for
three different swirling pipes and no blade pipe.
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©

Figure 10 shows the profiles of dimensionless total
pressure P* for the three different swirling pipes
and no blade pipe. It can be clearly seen that the
value of P* decreases in all cases along the flow
direction, and eventually they're going to be equal at
the outlet of all cases. However, P* for the different
helical blades decreased rapidly after the mixed
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Fig. 11. Particle motion traces for the three different swirling pipes and no blade pipe.

fluid enters the helical blade region (4AD<y<12D),
reflecting the difference in energy efficiency of
different helical blades, and this phenomenon is
particularly noticeable in BL1 and relatively flat in
BL2 and BL3.

On the other hand, P* of each case has a similar
gradient in the downstream region after passing the
helical blades, and the curve of the swirling pipe
has a decreasing slope which is larger than that of
the no blade pipe, this phenomenon indicates that
the swirling intensity guided by the helical blade
has a certain correlation with the energy loss of the
flow field. BL1 has the strongest swirling intensity,
but its energy consumption is highest, and BL3 is
the opposite. Meanwhile, BL2 can not only produce
a strong swirling intensity, but also its energy
consumption is relatively small, indicating that BL2
has higher energy efficiency.

3.2.2 Particle Transport Status

In order to analyze the motion traces of the particles
in different swirling pipes and no blade pipe, 20
particles were randomly selected and their motion
traces were extracted, as shown in Fig. 11.

As is vividly shown in Fig. 11 that the particles is
concentrated in the center of the pipe in the NBL,
and its trace approximates a straight line.
Meanwhile, the particles in swirling pipes are
gathered near the pipe wall and their motion is a
regular quasi-periodic spiral ascending motion,
avoiding extreme conditions such as blockage
which may occur due to the increase of particle
concentration in the center of the pipeline. In the
flow direction, the axial movement distance
increases in the unit rotation period of the particle,
so the ratio of the tangential movement distance of
the particle to the axial movement distance
gradually decreases, and this is the macroscopic
expression of the attenuation of the swirl number.

Comparing the three swirling conditions, it can be
found that BL1 has a very strong swirling intensity,
which causes the flow state to be disordered.
Therefore, the particles just passing through the
blade region appear an approximate disordered
state, which also causes the pressure drop of BL1 to
be higher than that of others cases, and also is the
reason why the maximum axial velocity of BL1
decreases and the maximum axial velocity of BL2

becomes the largest (Fig. 6). Subsequently, the
particles exhibit a quasi-helical motion state as the
swirling intensity decreases. The motions of BL2
and BL3 are composed of spiral motion and
attenuating spiral motion, but the spiral motion
region of BL2 is longer. As the law of swirl number
attenuation shown in Fig. 7, BL3 has the smallest
swirling intensity, so the spiral motion region of the
particles is shorter than BL2.

In order to analyze the influence of particle traces
on the local concentration (Cw), which is defined by

c Vo (19)

1

VI Vpi
Where Vpar is the volume of particle in a certain
amount of time; Vyi is the volume of the pipe in a
certain amount of time.

The volume concentration of the particle group was
statistically analyzed within 1 s of different regions
of the pipeline, as shown in Fig. 12.
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Fig. 12. Local concentration at different
observation planes for three different swirling
pipes and no blade pipe.

It can be seen that particles are enriched due to the
low particle velocity near the inlet of the pipe (y =
2D), and the particle local concentration is slightly
larger than the set lifting concentration of numerical
calculation, but the local concentration of all cases
is basically same. Meanwhile, along the flow
direction, the local concentration decreases at
different observation planes in no blade pipe and
tends to stabilize, while the local concentration first
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increases and then decreases in the swirling pipes.

The local concentration of BL1 and BL2 is between
17% and 20%, and the local concentration of BL3 is
about 15%~16%, which is significantly higher than
the local concentration of the NBL, forming a
transport state of denser phase. This is also the
reason why the pressure drop of swirling pipe is
larger than that of the no blade pipe in the
downstream region after the helical blade (Fig. 10).
It's obvious the efficiency of the system is higher
for the higher transport concentration, however, it
will lead to the aggregation of particles becomes
serious. According to the analysis of the particle
traces, the particles in the swirling pipes gather
spirally at the near-wall surface, and the possibility
of blocking is low. The case of BL2 has the highest
local concentration and relatively reasonable energy
consumption, which indicates that BL2 has the best
transport efficiency.

3.2.3 Drag Force On Particles and Kinetic
energy

The drag force on the particles in hydraulic
transport determines the flow structure of particles.
Hence, the values of the drag force of the particle
group in the statistical domain at different
observation sections are averaged over time, and the
average value of drag force (Fp) of the particle
group is processed by gravity (Fo/Fc) to be
dimensionless, as shown in Fig.13.
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Fig. 13. Dimensionless drag force at different
observation planes for three different swirling
pipes and no blade pipe.

At the inlet region (2D<<y<<4D), Fp/Fc is almost
the same in all cases, and then Fp/Fs varies
significantly along the flow direction, as shown in
Fig. 13. Fo/Fc in no blade pipe gradually decreases
and tends to be stable along the flow direction,
while Fo/Fg in the swirling pipes first increases and
then decreases, and gradually stabilized. Fo/Fc for
the cases of the swirling pipes clearly larger that of
no blade pipe in the entire observation area (2D <<y
<38D), especially in the helical blade region (4D
<y<<12D). This is because the fluid vorticity is
large in this region (Fig. 8), so the cases of swirling
pipes formed by the helical blades effectively carry
the particles, and the water sufficiently acts on the
particles, so that the drag force of particle group is
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significantly increased. The larger drag force of the
swirling pipes allows particles to achieve greater
acceleration and faster start-up, improving the
safety and efficiency of the most critical start-up
period in the transport process.

In the flow direction, the swirling intensity is
gradually weakened, and the drag force of the
particle group is reduced as well, but still larger
than the drag force of the particle group in the no
blade pipe. As the particles enter the downstream
region, the flow environment of particle in no blade
pipe and the swirling pipes is similar, so the drag
force of the particle group has a similar change
trend in each case.

The enough Kinetic energy of the particle is one of
the important reasons to ensure the safety and
efficiency of the hydraulic conveying part in the
deep sea mining system. Figure 14 shows the
profiles of particles’ total Kinetic energy in the
statistical domain at different observation sections
for the three different swirling pipes and no blade
pipe, and the total kinetic energy (Ek) of particle
group is averaged over time.

In no blade pipe, Ex gradually increases at different
observation planes along the flow direction and then
tends to be stable. In the swirling pipes, Ek first
increases rapidly, then decreases and gradually
stabilizes. It can also be seen from Fig. 14 that Ex
becomes significantly larger at the place where the
helical blades are installed, Exin BL1 is more than
4 times that of the NBL, and Ex in BL2 is about 2
times that of the NBL. And in the subsequent
downstream region, Ex of BL1 and BL2 is still
larger than that of NBL, which is also the reason
why the swirling pipe has a larger pressure drop
than the no blade pipe, especially at the helical
blade region (4D<y<<12D).
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Fig. 14. Total kinetic energy of particle group at
different observation planes for the three
different swirling pipes and no blade pipe.

4, CONCLUSION

To improve the conveying efficiency and safety of
hydraulic lifting system, a new type of pipeline
conveying system with helical blade is proposed in
this study. By using the CFD-DEM coupling
method, the liquid-solid  two-phase  flow
characteristics are analyzed for the swirling pipes



J. Yinetal. / JAFM, Vol. 13, No. 5, pp. 1501-1513, 2020.

and no blade pipe, and the following important
conclusions are summarized.

(1) The distribution of axial velocity exhibits a
symmetrical warhead-like structure for the
cases of no blade pipe, while the distinct
asymmetric distributions are presented in the
swirling pipes. The tangential velocities of the
swirling pipes are clearly larger than that of the
cases of no blade pipe. The swirling number
decreases as the increasing of helix angle of
helical blade within swirling pipe.

(2) The fluid vorticity of the inlet region in front of
the blade is low, and the large vorticity
magnitude appears in the helical blade region,
and then gradually decreases along the flow
direction. As the decreasing of helix angle of
helical blade pipes, the vorticity magnitude
increases sequentially, and the vortex core
structure of the flow field was gradually
enriched.

(3) The total pressure decreases for all cases along
the flow direction, and eventually they're going
to be equal at the outlet of all cases. However,
the total pressures for the swirling pipes
decrease rapidly after the fluid enters the helical
blades region, reflecting the difference energy
efficiency of the swirling pipes.

(4) Along the flow direction, the local
concentration decreases at different observation
planes for the cases of no blade pipe and tends
to stabilize, while the local concentration first
increases and then decreases in the swirling
pipes.

(5) The drag force and kinetic energy of particles in
no blade pipe gradually decrease and tends to be
stable along the flow direction, however, the
drag force and kinetic energy of particles in the
swirling pipes first increase and then decrease,
and gradually stabilized. The drag force and
kinetic energy of particles for the cases of the
swirling pipes clearly larger that of no blade
pipe in the entire observation area.
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