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Abstract: The submersible axial-flow pump system has been more widely applied in pumping projects. Usually the existing
submersible pumps used for bi-directional pumping stations are the reversible pumps, the forward and reverse pumping of
which is less efficient. The flow characteristics of a new bi-directional submersible pump system combined with the
submersible pumps and two-way passages together were explored. By CFX software the full-flow numerical simulation of the
system was made and the system flow field was obtained. Also the system hydraulic performance was predicted. The flow
characteristics of suction passage with different measures were analyzed. The velocity distribution uniformity at outlet of
suction passage showed the elliptical-type flow guide cone of the passage worked the best to prevent harmful vortex, which
guaranteed the flow conditions of pump operation. Using specially designed discharge-chamber with unilateral angle of 18°,
the flow separation was effectively inhibited, the hydraulic losses were reduced which ensured the overall efficiency of pump
systems at high level. A model test was conducted in the high-precision test-bed of hydraulic machinery. The test results
showed that under the pump head of 3. 11 m, flow rate of 256 L/s, the pump system efficiency reached 71. 9% , which was
above the forward or backward pumping efficiency of reversible pump system by 7 and 13 percentage points, respectively. It
was evident that the vertical submerged pump system with two-way passage was suitable for bi-directional pumping station.

Experimental results and predicted model performance results were consistent in high efficiency area, and the numerical

calculations were well verified.
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0 Introduction

Two-way passage pump system can meet the needs of
water diversion and drainage, and minimize the use of

[1]

land resource But the low efficiency of the system

and the vibration of the pump unit are always difficult
problems faced to the engineering and academia'®’.
Usually, the efficiency of two-way passages pump
system is generally around 65% , which is 13% ~
18% lower than the one way passage pump system.
The vibration of the pump unit caused by the vortex in
the two-way passage is more common. The vibration
can directly cause the damage of the unit components

and that is unable to run. Since then, the two-way

pump system is turned to use the reversible horizontal
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axis pump system in both directions. The reversible
pump system operates forward or backward to change
the direction in and out of the water, so as to realize

*). The flow passage of

the bidirectional pumping'®
this pump system is the same as the unidirectional
passage which has no vortex inside, but the forward
and reverse running efficiency is low. The efficiency of
the forward running system is about 65% , while the
efficiency of the reverse running system is only about
58% . Until 1990s, the using of curve diffusion outlet
structure improved the pump system efficiency by 8 ~
10 percentage points, and the set of flow guide cone
and the vortex grid effectively eliminated the vibration

]

of the pump unit”®~®". This form of pump system has

been included in the relevant specifications, also
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713 In recent years, the

applied in many projects
submersible axial-flow pump system has been more
widely applied in pumping projects, which was
developed from small size of pump to the 2.5 m
diameter of large axial flow pump system " "*'. The
submersible pump is submersible electric pump,
submersible motor and pump impeller and guide vane
installed as a whole, has the advantages of good
integrity,  convenient installation,  maintenance
standardization and high management efficiency. The
existing submersible pumps used for two-way pumping
stations are generally reversible pump which can not
meet the requirements of users because of their low
efficiency. If the submersible pumps and bi-directional
passages are combined together to form a new two-way
passage submersible pump system, it can not only
improve the operation efficiency but also ensure the
safety of operation. Although the application of
submersible pump can simplify the structure, the
submersible motor will change the outlet structure and
inevitably increase the guide vane diffusion angle of the
axial flow pump, which is easy to generate flow
separation and increase flow resistance.

The CFX software was used to simulate the entire
pump system, and the overall numerical analysis and
optimization of hydraulic design was adopted, on this
basis, the model of two-way passage submersible pump
was made and the model test was carried out, the
comprehensive performances of the pump system were
obtained and a new form of the bi-directional pumping

station projects was provided.

1 Flow characteristics of two-way passage
pump system

1.1 Mathematical
numerical simulation

model of pump system

Flow in the pump is incompressible, the basic
equations used to describe the fluid flow included the
continuity equation and the momentum equation (N —S

equation). The RANG Reynolds averaged equation of

momentum equation was adopted. The formulas
respectively are
Jou,
£=0 1
- (1)
d(pu,) a(pu.uj) ap 9 ou, Ju;
T )
o oy, Fox, o M \ax o,
(2)

where p is the fluid density; u; and u; are the velocity
component; ¢ is time; F, is the volume force
component in the i direction; p is the pressure; u is
the dynamic viscosity coefficient; x; and x; are
coordinate components. The standard & — & model is
used as the turbulence model.

1.2 Geometry modeling of the pump system

During the two-way passage vertical axial flow pump
station has been built, below the bell of suction
passage prone to vortex, which causes the vibration of
the pump unit and reduces the efficiency of the pump
system, even affects the safe operation of the pump
unit. Therefore, it is necessary to take measures to
prevent vortex in the suction passage. Curve shaped
diversion cone and the eliminate vortex lattice are
respectively set up in the suction passage, and the
pump performance is compared. In engineering
practice, a lower passage in two-way passage pump
system is commonly used as artesian water diversion
channels, under the bell a set of vortex lattice is
installed with a certain height, well flow direction
parallel arrangement and small water resistance, to
compare the influence of different cases on the
performance of pump system.

The three-dimensional model of the two-way passage
submersible pump systems is composed of suction
passage, outlet passage, impeller, guide vane and so
on, and the calculation area is the whole pump system,
as shown in Fig. 1 to Fig. 5. Impeller diameter of the
pump is 300 mm. In order to facilitate the installation
of submersible pump motor, the diffusion guide vane
with unique large diffusion angle ( the unilateral
diffusion angle is 18°) and the curved diffusion water
chamber are adopted. The guide vane diffusion angle is
about double of the conventional guide vane diffusion
angle, the number of blades is 7. There are three
calculation schemes as follows: scheme 1 ( without water
diversion measures) , scheme 2 ( with water diversion
cone) and scheme 3 (with vortex grid).

1.3 Computational grid

Structured grid is adopted in the inlet and outlet
passage of the pump device, the same to the inlet and
outlet chamber and impeller guide vanes whose
structure and shape are more complex, and the grid
density is appropriately increased, as shown in Fig. 6.

The geometric model and mesh generation of pump
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(b) Scheme 3
Fig. 1 Two-way flow submersible axial flow pump system
1. Suction passage 2. Outlet passage 3. Impeller and guide vane
4. Curved diffusion chamber 5. Bell mouth 6. Diversion cone

7. Eliminate vortex lattice

_—

Fig.2 Pump impeller and guide blade

1. Impller 2. Guide vane

Fig.3  Curved diffusion chamber
1. Outlet bell 2. Inner wall of chamber

Fig.4 Detail structure of diversion pier

1. Inlet bell 2. Flow diversion cone

Fig.5 Detail structure of anti-vortex grid

1. Inletbell 2. Anti-vortex grid

impeller diffuser vane are completed by TurboGrid, as
shown in Fig. 6b. The blade numbers of guide vanes
are 7 and 5. After the completion of the guide vane
model, the ATM optimized method is used to mesh
generation, the quality of the mesh is adjusted by

4
(a) Whole grid of scheme

{b) Grid of impeller and guide vane
Fig.6  Computation grid of pump system and its main
components

1. Suction passage 2. Outlet passage 3. Diffusion chamber

4. Intake chamber
adjusting the control points of the grid to meet the
requirements of the calculation ( mesh angle was
between 15° and 165°).

Mesh quality of the two-way passage submersible
axial-flow pump system meets the accuracy requirement
of numerical simulation. The total number of grid
nodes is 1 209 384 ~ 1 222 508, the total number of
cells is 1 104 692 ~ 1 119 646, and the convergence
precision is satisfied.

1.4 Calculation parameters and boundary conditions

The numerical calculation pump model coordinates
the origin to the center line of the impeller and the
bottom outlet node, the Z axis is the impeller center
line pointing in the direction of the water chamber, the
X axis is the flow direction from the inlet to the outlet.
Standard k& — & turbulent model is used in numerical
simulation, and the discharge range is from 0. 450, to
1.260Q,(Q, is the design discharge). The calculation
speed is 1 250 r/min.

The inlet boundary of the pump system isset in the
inlet of the suction passage, and the flow direction is
perpendicular to the direction of the inlet section, mass
flow inlet conditions are used.

The outlet boundary is set in the outlet of the outlet
passage, and the flow direction is perpendicular to the
direction of the outlet section, the pressure outlet
conditions are used, pressure outlet is static, the relative
pressure is 1 atm, the density of water is 1 000 kg/m’.

No slip condition is selected for the wall boundary of
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the pump system.

2 Numerical simulation results of flow
characteristics of pump system

2.1 Internal flow characteristics of pump system
2.1.1 Whole flow field

The whole flow field under the design condition of
the two-way passage vertical submersible axial flow
pump system with different measures in suction passage
is obtained by numerical simulation calculation, and
the inner flow line of the pump system is shown in
Fig.7. Clearly shown on the figure, the flow of the
main stream area is relatively smooth, and the flow

similar to the flow pattern in the

[19]

pattern is
unidirectional passage But large backflow zone is
appeared in the blind end of the inlet and outlet
passages. The blind end of suction passages is
relatively long, the flow velocity is low, and the
backflow intensity is small, which causes minimal
influence to the flow of the pump inlet section and the
While the blind end of the outlet

passage is short, and the guide vane diffusion angle is

hydraulic loss.

large, which causes a large strength of backflow
intensity in this area and water flow disturbance,
leading to a higher hydraulic loss in the blind end.

Seen from the flow of the discharge-chamber, the
velocity distribution is symmetrical and not to take off
flow separation and vortex. Meanwhile, velocity is
reduced to below 2 m/s in the outlet of the discharge-
chamber, flow energy is recycled effectively, and the
hydraulic loss is under control.

Diversion cone and anti-vortex grid are set up
respectively in the suction passages of scheme 2 and
scheme 3 which effectively prevent the vortex below the
pump inlet. The scheme 1 has no diversion measures,
which causes vortex on the bottom of flow passage
easily. All of the three schemes have relatively smooth
main stream in their suction passages. The distribution
of the main stream on the exit section of the suction
passage in scheme 2 is more symmetric and uniform.

At the exit section of the outlet passage, the flow
pattern is more complex and the streamline has a larger
swing. It is due to that the flow at the impeller exit
with a large residual circulation, and the secondary
reflow caused by changing 90°in flow direction'?’.

The residual circulation at guide vane exit of the pump

{c) Scheme 3
Fig.7 Three dimensional streamlines of pump system and

longitudinal profiles under design conditions for different

schemes

causes a spiral flow in the outlet passage and the spiral
flow shifts to the top wall of the outlet passage. If the
spiral flow is improved, the recycling of kinetic energy
will be increased, and the efficiency of the two-way
passage pump system will be improved ' "%/,
2.1.2 Axial velocity distribution at outlet section of
suction passage

The outlet of suction passage connects with inlet of
impeller. Generally, pump impeller causes a cyclical
impact to the axial velocity distribution of outlet section
of suction passage. For the convenience of analysis, on
the place which is 0. 16 times of the impeller diameter

below the inlet section of the pump, the horizontal
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circle cross section is selected as the outlet section of

the suction passage. The axial velocity contours under

Flow direction ==
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{a) Scheme 1

Obviously, the velocity distribution of scheme 2 with
diversion cone has a better uniformity than that of
scheme 1 without any diversion measures and scheme 3
with anti-vortex grid. The regularity of the velocity
distribution at the outlet section of the suction passage
is that the water side velocity is higher than the other
side and axial velocity distribution is rarely influenced
by pump impeller rotation. According to the numerical
simulation results, the uniformity of the axial velocity
distribution on the outlet section of the suction passage
is calculated. Results are shown in Fig. 9. Under
design condition, in scheme 1, the axial velocity
uniformity of the outlet section of suction passage is
92.0% and the velocity-weighted average angle is
78.3°. In scheme 2, the axial velocity uniformity of
outlet section of suction passage is 96.2% and the
velocity-weighted average angle is 79.7°. In scheme 3,
the axial velocity uniformity of outlet section of suction
passage is 88.2% and the velocity-weighted average
angle is 75. 4°. The axial velocity uniformity of suction
passage and velocity-weighted average angle with
diversion cone has better evenness than those of
schemes without diversion measures and anti-vortex
grid. The diversion cone limits the flow singular point
on the bottom of the suction passage, improves the flow
boundary, guides the water flow and maintains high
evenness under different discharge conditions.
Relationship curve of the axial velocity uniformity and
the velocity-weighted average angle changing with
discharge of pumping system is shown in Fig. 9.

2.1.3 Flow characteristics of inlet and outlet passage

In order to study the inner flow characteristics of
inlet and outlet passage more clearly, the horizontal
section which is —0.45 m away from the bottom of
chosen as the

inlet passage in z direction is

characteristic section for analyzing under the design

(b) Scheme 2

Fig.8 Axial velocity contours under design conditions

design conditions of different schemes are shown in

Fig. 8.
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Fig.9 Hydraulic characteristics of suction passage

condition. Fig.10 is the streamlined diagram at

horizontal section of suction passage.

{a) Scheme 1

{b) Scheme 2
Ez
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0
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{c) Scheme 3

Fig. 10 Streamlines of inlet passage at horizontal

section (z-0.45)

Seen from Fig. 10, in the scheme with diversion
cone, water flow drains circularly from bell in the inlet
passage, the pressure distribution is uneven. The local
low pressure region on the water side shows that the
Under the

condition without diversion measure, the inlet flow

velocity distribution is also uneven.

status and the velocity distribution have almost the
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same principle. The flow which has the singular point
under the impeller is different from the elbow inlet.
The rotational energy of flow accumulated, once the
rotational energy reaches the critical value, the vortex

(24
rope appears

!, Vortex rope is the vortex with gas in
the central region and has large rotational strength, it
causes violent vibration of the pump system when the
vortex passes through the pump impeller, and it has a
Under the

condition with anti-vortex grid, the regularities of inlet

great harm on the pumping station.

flow pattern and velocity distribution are almost the
same. But the anti-vortex grid can eliminate the
singular point, so vortex rope can be prevented, the
local low pressure region on the water side is improved
and the velocity distribution is more uniform compared
with the above two cases.

As shown in Fig. 11, the velocity distribution at
horizontal section which is + 0.36 m away from the
bell mouth of the outlet passage in z direction. The
water flows out from the discharge chamber and
becomes disordered at the back of the passage. This is
the main part of hydraulic loss in such outlet passage.
By reducing the outflow velocity of the discharge
chamber, turbulence intensity can be controlled to
some extent so that the hydraulic loss will be less and
the pipeline efficiency will be improved. Water flow
from the discharge chamber to the outlet of the passage
is still affected by the residual circulation, and spread
orderly, the whole flow is smooth.

2.2 Performance prediction of pumping system

According to the numerical simulation of the pump
system, the performance of two-way passage vertical
submersible axial flow pump is predicted. The external
characteristic curves are shown in Fig. 12. As seen in
Fig. 12, there are no obvious changes on the head-
discharge curve and efficiency-discharge curve with
different diversion measures. The performance curves
of scheme 1 and scheme 3 are almost coincident; in
scheme 2, the head is slightly higher than those of the
other two schemes with the same discharge; when the
discharge is less than that of the optimal working
condition, the efficiency of scheme 2 is slightly lower
than those of the other two schemes, but when the
discharge is more than that of the optimal working
condition, the contrary is the case; the optimal point

corresponding discharge and efficiency of scheme 2 are

{c) Scheme 3

Fig. 11 Streamlines of outlet passage at horizontal

section (z +0.36)

270 L/s and 71. 25% , respectively . The optimal point
corresponding discharge and efficiency of scheme 1 are
270 L/s and 72. 38% , respectively. The optimal point
corresponding discharge and efficiency of scheme 3 are
270 L/s and 71.53% , respectively. In general, the
efficiency among the three schemes is slightly different.
The main purpose of install diversion vortex elimination
measures Is to eliminate or prevent the vortex under the
bell mouth in suction passage, so as to avoid the
hydraulic vibration. Engineering practice shows the
hydraulic vibration can cause quite large damage to
stable operation of the pump units. The performance
prediction results of the pump system shows that setting
vortex elimination measures have no obvious influence

on the performance of pump system.

7 - Scheme 1 80 = Scheme 1

6 ~+ Scheme 2 70| —+Scheme 2
£5 « Scheme 3 = 60 4 +Scheme 3
= 4l + Test data = 5p + Test data
g2 o
B = 10! E

0

1

100 150 200 250 300 350
Flow rate Q/(L-s7")

00 150 200 250 300 350
Flow rate (/(L-s")

Fig. 12 Predicted pump performance curves of

system with different measures
In order to analyze the influence on hydraulic loss of
the suction passages caused by setting diversion
measures, the hydraulic loss of suction passages with
different diversion measures is calculated. Fig. 13

shows the hydraulic loss curves of three different
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suction passages.
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Fig. 13 Hydraulic losses of different suction passages

As shown in Fig. 13, under the small discharge
condition, the hydraulic loss of the suction passage in
scheme 2 is larger than that in scheme 1, and the
hydraulic loss in scheme 1 is larger than that in scheme 3.
It confirms that under small discharge condition the
efficiency of scheme 2 is lower than that of scheme 1,
which illustrates when the discharge is small, the flow
resistance loss in suction passage caused by adding
diversion cone and anti-vortex grids is larger than the
energy loss caused by vortex without any measures.
While under the large discharge condition, the
hydraulic loss caused by vortex without any measures is
larger than the flow resistance loss in suction passage
caused by adding diversion cone, but smaller than that
of adding anti-vortex grid, which means the hydraulic
loss of scheme 2 is less than that of schemel, but the
hydraulic loss of scheme 1 is less than that of scheme 3.
The water flow resistance of anti-vortex grids is the
largest may be related to the head shape of the anti-
vortex grids, which means the further optimization and
improvement of the anti-vortex grids’ structure and

shape are necessary.
3 Model test of pump system

3.1 Model pump and pump system

In order to further obtain the comprehensive
performance of the pump system and verify the result of
the numerical simulation, a corresponding model pump
system is made and the test is carried out on the high
precision hydraulic machinery test bench. ZM4 — K
model pump system is adopted in the test, which
consists of ZM4 impeller and DYK guide vane.
Impeller diameter is 300 mm. The hub ratio is 0. 4.
The number of the impeller blades is 4. The impeller is
produced by numerical control process with brass

material. The number of DYK guide vane blades is 7,

produced by welding fabrication with steel materials.
The inlet and outlet passages produced by the steel
plate welding, there are observation windows in the
central section of inlet and outlet passages, which can
easily observe the flow pattern in the flow passage. The

model pump system is shown in Fig. 14. The test

velocity is 1 250 r/min.

1

Fig. 14 Test model of pump system

Test is implemented according to the standard of
GB/T 18149—2000 “ centrifugal pump, mixed flow
pump and axial flow pump hydraulic performance test
specification ( precision )” and SL140—2006 “ water
pump model and device model acceptance test
procedure”.

3.2 Model test results

Energy performance and cavitation performance of
the model pump system are tested under four different
- 2°, 0°, 2°).

the comprehensive

blade angle conditions ( — 4°,
According to the test results,
performance curve of a two-way passage vertical
submersible axial flow pump model are obtained, as
shown in Fig. 15.

The best efficiency point of the two-way passage
vertical submersible axial flow pump
different blade angles ( - 4°, —2°, 0°, 2°) are
70.94% , 71.90%, 71.54% and 69.25%

respectively. The maximum value occurred at blade

system at

angle of —2°. At this point, the corresponding head
is 3. 113 m, the discharge is 256.6 L/s, and the
efficiency is 71. 90% , which are 7 and 13 percentage
points higher than those of reversing two-way
submersible pump device on forward and reverse
operations. The maximum operating head is larger
than 5 m, and the ratio between the maximum head
and design head is more than 1.5, which can meet
the practical requirement of engineering. No harmful
vortex in the suction passage is observed after adding

diversion cone and so on.



8 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY 2016

As shown in the results of the cavitation performance
test, the NPSH of pump system at the high efficiency
point is less than 6.5 m within four different blade
angles. Cavitation specific speed is larger than 1 100

that meets the requirements of pump operation.

Gr
Efficiency 1

5t D=300mm
7=1250 r/'min
£ 4
=
Z
= 2F

. . . . ~4%20 g\ 2
120 160 200 240 280 320 360 400
Flow rate (/{L-s7")

Fig. 15 Comprehensive performance curve of model pump

The data of model test verifies the pump system

performance acquired by numerical calculating
prediction. Both results are in good agreement on the
high efficiency area near the maximum efficiency

point.
4 Conclusions

(1) Adding diversion cone in the suction passage of
two-way passage vertical submersible axial flow pump
system, under the optimal conditions, the axial
velocity uniformity on the outlet section of the suction
passage is 96. 2% , the velocity-weighted average angle
is 79.7°. The diversion cone can effectively eliminate
the vortex in the suction passages, which also can
maintain a good inflow conditions.

(2) The results of pump performance test show that
adopting the diffusion guide vane with 18° unilateral
diffusion angle, and adjusting the blade angle at —2°,
the head of pump system is 3. 113 m, discharge is
256.6 1./s, and efficiency is 71. 90% . The maximum
operating head is larger than 5 m. The performance is
similar to the two-way passage conventional axial flow
pump system, which means the diffusion guide vane is
feasible for the two-way passage vertical submersible
axial flow pump system, and it is of great value in
engineering application.

(3) Comparing with the results of performance test
and numerical simulation of pump system, both of them
are in good agreement on the high efficiency area,
indicating that the numerical simulation results are

reliable.
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Flow Characteristics of Two-way Passage Vertical Submersible
Pump System

Liu Chao' Zhou Qinglian® Qian Jun® Jin Yan' Xie Chuanliu'
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Abstract; The submersible axial-flow pump system has been more widely applied in pumping projects.
Usually the existing submersible pumps used for bi-directional pumping stations are the reversible pumps,
the forward and reverse pumping of which is less efficient. The flow characteristics of a new bi-directional
submersible pump system combined with the submersible pumps and two-way passages together were
explored. By CFX software the full-flow numerical simulation of the system was made and the system flow
field was obtained. Also the system hydraulic performance was predicted. The flow characteristics of
suction passage with different measures were analyzed. The velocity distribution uniformity at outlet of
suction passage showed the elliptical-type flow guide cone of the passage worked the best to prevent
harmful vortex, which guaranteed the flow conditions of pump operation. Using specially designed
discharge-chamber with unilateral angle of 18°, the flow separation was effectively inhibited, the
hydraulic losses were reduced which ensured the overall efficiency of pump systems at high level.
A model test was conducted in the high-precision test-bed of hydraulic machinery. The test results
showed that under the pump head of 3. 11 m, flow rate of 256 L/s, the pump system efficiency reached
71.9% , which was above the forward or backward pumping efficiency of reversible pump system by 7 and

13 percentage points, respectively. It was evident that the vertical submerged pump system with two-way
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passage was suitable for bi-directional pumping station. Experimental results and predicted model

performance results were consistent in high efficiency area, and the numerical calculations were well

verified.

Key words: pump system; submersible pump; two-way passage; numerical simulation
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