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IMPROVEMENT OF DIMENSIONS AND CHARACTERISTICS OF THE VORTEX CHAMBER PUMP
FOR COAL-WATER MEDIUM DELIVERING

The vortex chamber pump combines the positive characteristics of the centrifugal pump and the jet pump, and its efficiency is much higher than that of
the classical jet pump. This pump differs from the vortex injector by having the pump flow into the tangential outlet channel, which is not available in
the vortex injector. The traditional bulk material pump in many aspects has certain shortcomings, these shortcomings limit its application scope and
use effect, the traditional bulk material pumps mechanical parts and seals rapidly wear, resulting in short service life. Based on solving the Reynolds
equations for water flow, the influence of the angle between the tangential channels of the pump on the energy characteristics is analyzed: an increase
in the angle to 180° leads to a decrease in the relative efficiency by 30 %, the outlet pressure by 12 %, and the suction flow rate by 14 %. Thus, the
design with a zero angle between the tangential active medium inlet and the tangential outlet channels is optimal in terms of energy-saving pumping
performance. As the diameter of the vortex chamber increases, there is no significant trend in the efficiency of the pumped fluid be the vortex chamber
pump. With the increase in the total supply pressure, the axial inlet flow rate increase is relatively slow, and the outlet flow rate increases in a parabolic
trend. The wear of the pump vortex chamber wall depends on the mass flow rate of coal entering the vortex chamber. The larger the mass flow rate of
the abrasive medium, the greater the erosion rate density and the mean volume fraction in the vortex chamber of the vortex chamber pump. The
smaller the particle diameter of the coal, the larger the erosion rate density and mean volume fraction in the vortex chamber of the vortex chamber
pump. Thus, an increase in particle size should be sought, which will result in less wear.
Keywords: vortex chamber pump, mathematical modelling, wear, coal, water.
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YAOCKOHAJIEHHSI TEOMETPUYHUX PO3MIPIB I XAPAKTEPUCTHUK BUXOPOKAMEPHHUX
HACOCIB JJIs1 HEPEKAYYBAHHSA BOJOBYI'VIBHOI'O CEPEJOBHIIIA

BuxopokamepHuii HacoC MOeHye B co0i TO3UTHBHI XapaKTEPHCTHKHU BiJLEHTPOBOTO i CTPYMHHHOTO HACOCIB, a foro e)eKTHBHICTh HabaraTo BUIIA,
HIXK y KJIACHYHOTO CTPYMHHHOTO Hacoca. Leit Hacoc Bifpi3HAETHCS By BUXPOBOIO €XKEKTOPA THM, IO MOTIK HOAAETHCS B TAHTCHIIAIBHUIT BUXIIHUI
KaHaJ, KUK BiICyTHIN y BUXpOBOMY iHykekTopi. TpaauuiiiHuii Hacoc Ui CHITy9MX MaTepiaiiB y 6araTboxX acHeKTax Mae MeBHI HEOMIKH, [l HEIOMKN
00MeXyYIOTh cepy HOro 3aCcTOCYBaHHS, MEXaHIUHI JeTall Ta yIIIIbHEHHs TPAAULIHIX HACOCIB IS CHIIYYHX MaTepialliB IIBUAKO 3HOIIYIOTHCS, IO
MPU3BOJUTH 10 KOPOTKOTO TepMiHy ciykOu. Ha ocHOBI po3B'si3aHHs piBHAHB PeliHONbaca IS MOTOKY BOJIM IIPOAHANI30BAHO BIUIUB KyTa MiK
TaHTeHLIaJbHUMH KaHAJaMH HAcOCa Ha CHEPreTHYHI XapaKkTepHCTHKH: 30iblueHHs KyTa 10 180° mpu3BoauTh 1o 3MeHmIeHHs BigHocHoro KKJI Ha
30 %, TucKy Ha Buxoni — Ha 12 %, a BUTpaTH BCMOKTYBaHHs — Ha 14 %. TakuMm 4MHOM, KOHCTPYKIIisl 3 HYJIbOBHM KYTOM MK TAHI€HI[IaJIbHUM BXOZOM
AKTUBHOTO CEpENIOBHUINA 1 TAHTEHLIAIPHMM BUXIJHUM KaHAllaMH € ONTHMAaJbHOKI 3 TOYKM 30py €HEepro30epiraroumx XapakTepuCTHK Hacoca. 3i
301/IBIIICHHSAM JiaMeTpa BUXPOBOi KaMepH HE CIIOCTEPIraeThCsi CYTTEBOI TEHJACHIIT 0 3HIKEHHS e(pEKTUBHOCTI IepeKadyBaHHs PiMHH HacocoM. 3i
301JIBIIICHHSM 3arabHOTO THCKY IT0Jja4i 0ChOBa BUTPATa Ha BXOJI 30UIBIIYETHCS BITHOCHO MOBLIBHO,  BUTPATa 3MILIAHOTO NTOTOKY Ha BUXOJI 3pOCTa€e
3a mapaboiuHUM TPEHIOM. 3HOC CTIHKM BUXPOBOI KaMepH Hacoca 3aJIeXHTh BiJl MaCOBOi BUTPATH BYTI/UIA, IO HAJXOAUTh y BUXPOBY KaMmepy. Yum
OinbITa MacoBa BHTpaTa abpasMBHOrO CEpPENOBHINA, THM OiNbIla IIIIBHICTE MIBHIKOCTI epo3ii i cepemHs 00'eMHA dYacTKa TBEPJOTO CHITYy4OTO
CepeJIoBUINA y BUXPOBiil kamepi Hacoca. UMM MEHIIMI jAiaMeTp YaCTHHOK BYTiUIA, THM OiNblua IiIBHICTH MIBHIKOCTI €po3ii i cepeqHs 00'eMHa
4yacTKa y BUXpOBil Kamepi Hacoca. TaKMM YHHOM, CJIiJ IparHyTy 0 301IbLUICHHS PO3Mipy YaCTHHOK, L0 MPHU3BE/E IO MEHILIOTO 3HOCY.
Kuro4osi cii0Ba: BUXopoKkaMepHHIT HACOC, MATEMAaTHYHE MOJICIIFOBAHHs, 3HOIIYBAHHSI, BYT1JLIs, BOJA.

Introduction. In many industries, traditional pumps
delivering bulk materials have some disadvantages in
many aspects, including frequent maintenance, high
failure rate, high cost, limited transmission distance,
limited lift, requiring a large amount of water, and having
a great impact on environmental shadow [1]. The failure
rate of traditional bulk material pumps is high, because in
the production and operation of the pump, various factors
such as material quality, processing accuracy, installation
and debugging, and maintenance will have an impact on
the performance and life of the pump. In addition, the
operating environment of the pump can also affect its
failure rate, such as shock stress, vibration, chemical
corrosion, and heat. Thus, in the pumping of bulk
materials, shock stress, vibration, chemical corrosion, and
high heat requirements, the reliability of the pump is
especially important, the traditional bulk material pump in
many aspects has certain shortcomings, and these
shortcomings limit its application scope and use effect, the
traditional bulk material pump mechanical parts and seals
rapid wear, resulting in short service life [2].

Literature review. Classic pumps are prone to rapid

grinding wear due to the use of mechanical moving parts
and seals. Practically all pump units used in hydraulic
conveying plants, except for jet pump units, are subject to
considerable wear and tear, as a result of which the
average MTBF of pumps and parts varies between
700-2000 hours. In addition, increasing the service life
requires the use of more expensive materials that are less
susceptible to corrosion and abrasion [3, 4]. Improving the
performance of the pumping bulk material device is an
urgent problem to be solved [5]. In the papers [6-8] the
new jet pump, the vortex chamber supercharger (VCS), is
shown (Fig.1). If the liquid is pumped, then the
supercharger can be called a vortex chamber pump (VCP).
The VCP can move solid particles in comparison with
vortex ejectors which cannot do it because they have an
axial exit channel [9, 10]. Moreover, the efficiency of the
VCP is higher. Thus, further improvement of jet
superchargers, and search for new technical solutions
based on more efficient principles of energy transfer will
allow to reduce specific energy consumption and improve
economic characteristics of hydrotransportation.

In the previous studied was created the vortex
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chamber supercharger with proper geometrical dimensions
for delivering air with solid particles in pneumatic
transport [1,7,8]. But VCS needs to be verified for
delivering water and also it needs to optimize the angle
between tangential channels and the diameter of the

vortex chamber.
X Inlefl

"“'\J Pumping inlet

: i

Inlet2

Fig 1. Vortex chamber pump layout

In addition, the pumping of coal particles can result
in significant concentrations of coal particles, which can
result in significant wear on the vortex chamber [11].
Therefore, it is necessary to estimate the concentrations of
solids during pumping and to estimate the wear [12].

Goal. This work aims to improve the performance of
the vortex chamber pump when pumping water, to
optimize the angle between tangential channels and the
diameter of the vortex chamber, to establish patterns of
coal particulate flow in water, and to determine the wear
characteristics of the vortex chamber.

Research Methodology. This study was carried out
in two stages. First, a numerical simulation of the water
flow in the vortex chamber pump was carried out based on
the solution of the RANS (Reynolds-averaged Navier-
Stokes equations) [13] using the Shear stress transport
(SST) turbulence model [14]:
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where x; are coordinates; u; are the velocity vector
components; p is the density; pe = p + y; is the effective
viscosity; u; is the turbulent viscosity; p is the molecular
viscosity; k is the kinetic energy of the turbulence
pulsation; o is the turbulence eddy frequency; Cd, is the
cross-diffusion term in the SST-model; P, is the
production of turbulence kinetic energy.

The empirical function for sensitization of the SST
model to the effects of streamline curvature and system
rotation is defined by:
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The simulation was carried out in the commercial
software Ansys CFX with the student license. The
tetragonal grids were used [15, 16]. The sensitivity of the
solution to the mesh size was determined. The
convergence of the numerical model was tested based on
the achievement of all the residuals up to values of 10,
as well as the independence of the flow rates in the pump
channels from iterations [17].

After carrying out calculations in water, the
trajectories of anthracite particles and their flow rates in
the suction channels and in the outlet channel of the mixed
flow were determined [18]. For the dispersed phase, the
anthracite particle trajectory is calculated by integrating
the force balance. It was considered that solid particles
have a spherical form. Furthermore, all particles are
treated as point masses by the CFD code so that an
equation for the torque is omitted [19]:

av, -
P =F,+F,

where IfD, pr represent the drag force and the pressure
gradient force, the expressions of which are given as:

- 3 -
= =W*;§CD Re, (0-V, );
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where C, is the drag coefficient [20]:
£(1+iRe2pj; Re, <1000;
C, =1{Re, 18

0.424; Re, > 1000.
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Re, is the
Re, =pd, |\7p —L_I|/p, V, is the particle velocity, d, is the

particle  Reynolds  number,

particle diameter, p, is the density of particles.

The adequacy of the mathematical model of the flow
in the vortex chamber pump was verified by experimental
data. The discrepancy did not exceed 10 %.

Results. The vortex chamber pump generally
consists of a cylindrical vortex chamber, two
axisymmetric axial channels and two tangential channels
(Fig. 1, 2). The main parameters of the vortex chamber
pump are given in Table 1 below.
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Fig. 2. Main dimensions of the VCP

Table 1 — Main parameters of vortex chamber pump

Dimensions VCP
Tangential channel length A1l/mm 100
Axial channel B1/mm 100
Tangential inlet diameter C1/mm 10
Tangential outlet diameter C2/mm 15
Axial inlet C3/mm 10

Axial inlet C4/mm 10
Vortex chamber diameter D1/mm 50
Vortex chamber height D2/mm 30

The general mesh template of the Ansys Meshing
was used to generate the tetrahedral mesh for the VCP.
Curvature Normal Angle is set to 11°, Min Size adopts the

default value of mesh generation of 1.54.-10™ m, the

minimum edge length of the mesh is 3.15-107° m,
Transition Ratio is set to 0.77, Maximum Layers is set to
5, Growth Rate is set to 1.2. After the system
automatically generates the mesh, the number of mesh
elements of the vortex chamber supercharger is 302, 117,
and the mesh refinement is carried out in the connections
and edges of the model in order to ensure the readiness of
the calculation.

The grid convergence analysis is carried out before
the model calculation run to ensure that the model division
grid will not affect the results of the model calculation.
For the format analysis of the mesh, the density of the grid
has a great impact on the run convergence and stability
characteristics, to carry out the grid irrelevance
verification, while ensuring that the other boundary
conditions remain unchanged at the same time divided

into 10 kinds of sparsity of different degrees of mesh. The
VVCP model had grids with 12000, 20000, 30000, 42000,
52000, 62000, 71000, 83000, 92000, and 110000. The
curves shown in Fig. 3 were plotted according to the
numerical simulation of the outlet flow rate results of the
fluid pumped by the VCP as a reference basis. The results
show that when the number of grid elements is not less
than 92000, the flow rate at the outlet of the VCP tends to
stabilize, indicating that the calculation results will not
change significantly, indicating that the grid setting of the
model satisfies the calculation of the operational results.
Based on not less than the minimum number of mesh
elements, the default number of mesh elements generated
by the system is selected as 300000, which is used as the
final calculation model of the pump.
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Fig. 3. Grid independence verification

The boundary conditions for water flow are
presented in Fig. 4.

The characteristics of the pumping water are the
relationship between the relative pressure and efficiency
of the device outlet, as well as the relative suction rate (the
so-called ejection coefficient, entertainment ratio) of the
relative mass flow rate entering the device from the inlet.
All features of VCP can be simplified into a universal

feature p = f(m), as well as other types of turbochargers.

Open with 0 Pa
static pressure

Outlet with
static pressure
in the range 0...400 kPa

Supply: CQ\
Inlet with total
pressure 2 MPa
# Open with 0 Pa
# / static pressure

¥

Fig. 4. The boundary conditions for pumping the water
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From Fig. 5, it can be seen that the efficiency is
highest in the region of 1.36 me/ms. As the ratio pe/ps
increases, the ratio of m;/m; decreases. Here,
Min = Ming + Mine. Here mg is the outlet mass flow rate, m
is the supply flow rate, p. is the static pressure at the
outlet, ps is the static supply pressure, mj,;, m;,, are the
mass flow rates in axial channels.
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Fig. 5. Calculated characteristics for water delivering

To optimize the angle between the tangential
channels, three models of the supercharger were prepared
with angles of 0, 90, and 180° (Fig. 6). To simplify the
comparison of results, the integral indicators (efficiency,
suction flow through the axial channels, and outlet
pressure in the tangential channel) are referred to the
characteristics of the basic design with a zero angle

between the channels.
/ . _§w=vlr l _
Supply
C

Fig. 6. The computational model of the VCP:
a — the angle between the tangential channels of Supply and Exit
is 0°; b — the angle is 90°; ¢ — the angle is 180°

Supply

a b

Fig. 7 and 8 show a comparison of water pumping
efficiency at different angles between the tangential
channels. The optimal angle for a structure without a
drainage channel is 0°. This is because most of the energy
of the main flow goes directly into the tangential outlet
channel without losses during movement and friction
against the walls of the vortex chamber.

The fluid streamlines in the VCP with different
angles between channels are presented Fig. 9 and 10.

——

Fig. 7. Efficiency of the different channel positions
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Fig. 8. Related values of the different channel positions

Fig. 9. Streamlines in the meridional plane of the VCP:
a-0° b-90° c-180°

Fig. 10. Streamlines in the VCP:
a—0°b-90°c-180°

To objectively analyze the fluid motion
characteristics of the VCP, analyze the change rule of
outlet and axial inlet flow rates under different energy
supplies, respectively set the total pumping inlet pressure
of 2 MPa, 4 MPa, 6 MPa, 8 MPa, 10 MPa. As shown in
Fig. 11, with the increase in the total supply pressure, the
axial inlet flow rate increase is relatively slow, and the
outlet flow rate increases in a parabolic trend.

#—Inlet
+—Exit

-

{m'/s)

Outlet and inlet flows

28 1P M AP 101

Pressure on supply

Fig. 11. Fluid flow curves for different supply pressures
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To further analyze the effect of pressure on
characteristics, analyze the VCP of different pressures of
the change rule of efficiency. The results show that the
efficiency is in the range of fluctuations between 17.6 %
and 17.8 %, the pressure value of the changes in the
efficiency is not very obvious. When the pressure
continues to increase to 10 MPa there is a trend of
decreasing efficiency. This is consistent with the increase
in pressure inlet and outlet flow rate increases slowly,
indicating that with the increasing pressure VCP
efficiency not only cannot increase at the same time, but
there will be a tendency to reduce.

The VCP has a good conveying effect for bulk
materials, but the efficiency of pumping water has not
been significantly improved. The working principle of
VCP pressurization is to form a pressure difference
between the circumferential and axial areas of the vortex
chamber through the movement of the fluid inside the
vortex chamber. The channels on both sides of the axial
direction are in the low-pressure area, causing it to pump
fluid. When the fluid enters the vortex chamber and
moves with the internal rotating fluid, the fluid generates
additional centrifugal force during the rotating motion,
increasing the velocity of the fluid and jetting it out along
the tangential outlet of the vortex chamber, thus
completing the function of pumping the fluid. The
working efficiency of VCP is mainly influenced by the
flow rate of axial suction fluid and the magnitude of the
additional centrifugal force of the fluid. To increase the
transmission efficiency of VCP-pumped fluid and explore
the influence of the VCP mechanism on its efficiency, an
optimization design is now carried out for the diameter of
the vortex chamber. The diameter of the prototype vortex
chamber was 50 mm, and five different diameter models
of vortex chambers were designed on the original basis.
The diameters of the vortex chambers were 40 mm,
45 mm, 55 mm, 60 mm, and 65 mm.

The fluid transfer efficiency obtained by different
models is shown in Fig. 12 and Table 2. As the diameter
of the vortex chamber increases, there is no significant
trend in the efficiency of the pumped fluid be the VCP,
with a fluctuation range of 14.36 % to 17.67 %. The VCP
model with a diameter of 45 mm has the lowest efficiency,
and it has the highest efficiency when the vortex chamber
diameter is 50 mm. The diameter has a significant impact
on VCP efficiency between 40 mm and 50 mm. The
diameter of the vortex chamber has a small impact
between 55 mm-65 mm, with a fluctuation range of
15.29 % to 16.78 %.

Table 2 — Parameters of the VCP with different vortex chamber

diameters
Diameter 1 2 3 4 5
(40 mm) | (45 mm) | (50 mm) | (55 mm) | (60 mm)
Adalinlet | 165 | g5 10 107 | 98
velocity
m;,/m; 0.34 0.31 0.35 0.34 0.34
Efficiency 17.3 14.4 17.7 16.5 16.8

Fig. 13 shows boundary conditions for calculation of
solid particle trajectories.

Efficiency (%)

Model 1 Model 2 Model 3 Madel 4 Model 5 Model 6
Modeled with different diameters

Fig. 12. Efficiency of different VCP models
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Fig. 13. The boundary conditions for pumping the coal

The mass flow rate of the abrasive medium also
determines the different concentrations of solid particles
in the VCP. In addition to coal, research has also been
conducted on materials such as sand, magnetite, and
organic abrasive media. Due to the expansion of different
active forces, the trajectory and wear mode are almost
identical, only the degree of wear and trajectory are
different, so no calculation results are given for these
materials.

Compared with turbochargers with mechanical
moving bodies, the improvement of the service life
[21, 22] of jet pumps depends on many factors such as the
concentration of solid particles, the type of wall and
particle material, flow rate, and wall thickness. But if
there is sufficient wall thickness, the reliability of the jet
supercharger is unconditionally higher. To determine the
maximum wear area, motion simulations were conducted
on coal particles of different sizes ranging from
d, = 1x10™m to d, = 15x10™*m. From Fig. 14, the wear of
the vortex chamber wall depends on the diameter of the
coal entering the vortex chamber. For coal with different
diameters in the vortex chamber, the erosion rate density
and averaged volume fraction are shown in Fig. 15 and 16.

Fig. 17 and 18 show that the wear of the vortex
chamber wall depends on the mass flow rate of coal
entering the vortex chamber. Uniform wear was observed
for all flow velocity wvalues and solid particle
concentration values, which was also confirmed by
calculations of vortex chambers in other devices [23, 24].
This indicates that it is sufficient to increase the thickness
of the vortex chamber wall to increase the reliability and
durability of devices with vortex chambers, especially
VCP.
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larger the mass flow rate of the abrasive medium, the
greater the erosion rate density and the mean volume
fraction in the vortex chamber of the VCP.

Fig. 14. Characteristics of coal movement and erosion in the
vortex chamber:
a — diameter of the particles 1.5 mm; b —1 mm; ¢ - 0.5 mm;

d-0.1mm
d
i Fig. 17. The erosion rate and volume fraction at the different
mass flow rates of the coal:
015 —e—cla/mijs a—1kg/s; b-0.1kgls; c—0.01kg/s; d—0.001 kg/s
ol | I s N W e ,
- - - - - L2
Fig. 15. Dependence of the erosion rate density on solid particles —a— vorgad Voluma Fraian
diameter 2
0.02 - 5
\’74 .00 .20 04D 060 0.80 100 i1x
0015 n HRR m kafs
e — e hueraged Volume raction Fig. 18. Dependence of the averaged volume fraction of solid on
o005 solid particles flow rate
o mew oadl 7Gta  obbr i o0 A0 450 Conclusions. The vortex chamber pump combines

D mm

the positive characteristics of the centrifugal pump and the
Fig. 16. Dependence of the averaged volume fraction of solidon  jet pump, and its efficiency is much higher than that of the
solid particles diameter classical jet pump. This pump differs from the vortex
The smaller the particle diameter of the coal, the  injector by having the pump flow into the tangential outlet
larger the erosion rate density and mean volume fraction ~ channel, which is not available in the vortex injector.
in the vortex chamber. Thus, an increase in particle size We improved the performance of the vortex chamber
should be sought, which will result in less wear. The wear ~ pump when pumping water, optimized the angle between
of the pump vortex chamber wall depends on the mass tangential channels and the diameter of the vortex
flow rate of coal entering the vortex chamber [25]. The chamber, established patterns of coal particles in water,
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and determined the wear characteristics of the vortex
chamber.

Based on solving the Reynolds equations for water
flow, the influence of the angle between the tangential
channels of the pump on the energy characteristics is
analyzed: an increase in the angle to 180° leads to a
decrease in the relative efficiency by 30 %, the outlet
pressure by 12 %, and the suction flow rate by 14 %.
Thus, the design with a zero angle between the tangential
active medium inlet and the tangential outlet channels is
optimal in terms of energy-saving pumping performance.

As the diameter of the vortex chamber increases,
there is no significant trend in the efficiency of the
pumped fluid be the VCP, with a fluctuation range of
14.36 % to 17.67 %.
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