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Abstract. In order to investigate the effect of rotational speed on hydraulic performance of
inlet and outlet conduits for S-shaped shaft extension tubular pumping system, the three
dimensional steady turbulent flow in pumping system was simulated using computational fluid
dynamics technology. The experiment results are compared with the CFD results. The
hydraulic performance parameters of inlet and outlet conduits were analyzed quantitatively
considering the hydraulic interaction of conduits and impeller. The change trend of relationship
curves between hydraulic loss ratio value and flow rate coefficient is same in different
rotational speed. With the increase of flow rate coefficient, the hydraulic loss ratio value
increases gradually, the hydraulic efficiency increases firstly then decreases gradually, and the
average velocity circulation of outlet section increases firstly then decreases gradually in the
same rotational speed. With the increase of rotational speed, the average velocity circulation
increases gradually in the same flow rate coefficient. With the increase of flow rate coefficient,
the relative swirl angle decreases firstly then increases in different rotational speed. With the
increase of rotational speed, the static pressure ratio of outlet conduit increases gradually, and
the distribution of drift angle in inlet section of outlet conduit is same. There is no linear
functional relationship between the square of hydraulic loss and flow rate for outlet conduit.

1. Introduction

The flow conduits is an important part of the low-lift pump system, which has a significant effect on
the hydraulic performance of the low-lift pump system [, The hydraulic performance of the flow
conduits has been paid much attention by the scholars. The researchers have carried out some research
work on the hydraulic characteristics of the low-lift pump system in order to improve the hydraulic
performance of the low-lift pump system, and the research focuses on the three-dimensional
optimization % and the flow field analysis """ of the inlet and outlet conduits, the mechanism of the
interaction between the pump and the flow in different working conditions ['*'%), Based on the analysis
of the previous literature, the energy performance of the low-lift pump system is greatly affected by
the hydraulic performance of the flow conduit. When the pumping station required flow rate .
upstream and downstream water levels changes or serious cavitation appear and so on, the pump
station often used variable speed adjustment mode, and the hydraulic performance parameter of the
inlet and outlet flow conduits of the low-lift pump system is not clear when the rotating speed is
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changed. In order to clarify the problem, the paper takes the S-shaped shaft extension tubular pumping
system as the research object, the influence of speed on the hydraulic parameters of the flow conduit
of the tubular pump is studied by using the three-dimensional numerical method.

2. Research object and simulation method

2.1. Research object

The S-shaped shaft extension tubular pumping system is equipped with an axial pump hydraulic model
with a rotational speed of 1350, the nominal diameter of the runner is 0.30m, the tip clearance is
0.15mm, the hub ratio is 0.40, and the blade laying angle is 0°. The number of runner blades is 3, the
number of leaf blades is 7, and the rated speed is 1450 r/min. The calculation area includes water inlet
section, inlet conduit, runner, guide vane, outlet conduit and effluent section. The three-dimensional
model of S-shaped shaft extension tubular pumping system is shown in figure 1.

Figure 1. Shaft extension tubular pumping system

2.2. Simulation method
The runner and guide vane of the S-shaped shaft extension tubular pumping system are structured by
the H/J/L-Grid and H-Grid topologies in the TurboGrid software. The inlet and outlet conduits use
ICEM CFD Software carry out structured meshing. The grid quality has a great influence on the
numerical calculation of the pumping system, and it needs to meet the requirement of no negative
volume, grid orthogonality and aspect ratio in the calculation area. The grid orthogonality is ensured
by the angle between any two faces of the element, and the lowest angle is between 15° and 165°.
According to the Ref.[3,17-20] on the pumping system flow field calculation required for the number
of grid, the number of grid required for the numerical calculation of the S-shaped shaft extension
tubular pumping system is designed grid-independent analysis, the results shown in figure 2, when the
pump system head coefficient and efficiency with the increase in the number of grids are less than 1%
correlation, that the number of grid to meet the calculation requirements, the results are stable, The
final determination of the S-shaped shaft extension tubular pumping system grid cell total of 1516416,
the total number of grid nodes is 1628407.
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Figure 2. Verification of grid independence to prediction of performances
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The RNG #k-¢ turbulence model is used to calculate the turbulence field of the S-shaped shaft
extension tubular pumping system. The near-wall region is treated with Scalable wall functions, and
the convergence precision is set to 1.0x107. The numerical calculator uses CFX-Solver Manager. The
energy performance of five S-shaped shaft extension tubular pumping system at different speeds was
calculated in this study, and the five rotational speeds are rated speed of 1.0 times (1450 r/min), 0.9
times (1305 r/min), 0.8 times (1160 r/min), 0.7 times (1015 r/min) and 0.6 times (870 r/min).

3. Performance prediction and verification

3.1. Experimental design
In order to further verify the accuracy of the numerical simulation results, the test is carried out on the
high precision hydraulic machinery test-bed of Jiangsu Provincial Key Laboratory of Hydraulic
Engineering. The comprehensive uncertainty of the high precision hydraulic machinery test-bed is
+0.39%, which meet the accuracy requirements according of SL140-2006pump model and system
model acceptance test procedures, and through the national metrological review in 2015. The main
technical parameters of the test-bed are: the flow test range is 0.1 ~ 0.5 m®/s , the head test range is
-6.0 ~ 21.0 m, the torque test range is 0 ~ 500 N-m, the speed test range is 0 ~ 2000 r/min. According
to the energy test requirements of Section 6.1 of the SL140-2006pump model and system model
acceptance test procedures, before the energy test, ensure that the pump operating conditions in the
absence of cavitation conditions for more than 30 minutes, excluding the free gas, bubbles and trapped
gas in the system, collecting more than 15 different flow points.

Machining and numerical simulation of the same size of the physical model system, the model
system shown in figure 3, the test rated speed is 1450 r/min, the blade laying angle is 0°.

Figure 3. Physical model of pumping system

3.2. Simulation and test verification

In order to greatly compare the results of numerical analysis and model test, the flow coefficient Kq
and the head coefficient Ky are used for comparative analysis. The results of numerical calculation and
physical model test are shown in figure 4. The flow coefficient Ko and the head coefficient Ky are
calculated as:

Q gH
o= hprs KT hep?
Where: Q is the flow of the pump; H is the head of the pump; # is the speed; D is the nominal diameter
of the runner, and g is the acceleration of gravity.

The predicted Kq ~ Ku curve of the S-shaped shaft extension tubular pumping system is consistent
with the curve obtained by the physical model test. The predicted Kq ~ # curve of the S-shaped shaft
extension tubular pumping system is in good agreement with the obtained curve, indicating the
validity and reliability of the numerical results.
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Figure 4. Comparison of the performance curves
4. Analysis of Influence of Speed on hydraulic performance of the flow conduit

4.1. Analysis of hydraulic performance of inlet conduit

In order to analyze the influence of speed on the hydraulic loss of the conduit, the hydraulic loss ratio
pi is introduced, which is the ratio of the hydraulic loss of the flow conduit to the head of the pump,
and the formula is

Ah
By = >400% 2)

Where: (14 is the hydraulic loss of the conduit; H is the pump head.

The influence of the speed on the hydraulic loss ratio 5 of the inlet runner is shown in Figure 5. The
change trend of the hydraulic loss ratio of the inlet conduit and the flow coefficient is basically the
same in different rotational speeds. In the same rotational speed, the hydraulic loss ratio of the inlet
conduit increases with the increase of the flow coefficient. When the flow coefficient Kq is in the
range of 0.40 ~ 0.65, the hydraulic loss ratio of the inlet conduit decreases with the increase of the
speed. When the flow coefficient Kq is less than 0.40, the rotational speed has little effect on the
hydraulic loss ratio of the inlet conduit. The rotation of the impeller causes the prerotation of the water
to increase the water flow energy. The higher the rotational speed is, the more the water flow energy
increases. Therefore, the hydraulic loss of the inlet conduit decreases.
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Figure 5. Ratio value of inlet conduit hydraulic loss

In order to further analyze the energy conversion efficiency of the inlet conduit, the
homogenization efficiency of the flow conduit in Ref.[11] is calculated. The relationship between the
hydraulic efficiency and the flow coefficient of the inlet conduit at different rotational speeds is shown
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in Figure 6.

—_lelni —ﬂ 0
nav_ m ’ ni - E ><|.OOA (3)

Where: #, is the homogenization efficiency of the conduit; m is the total number of calculated
operating conditions; FEo is the total energy of the outlet section of the conduit; Ej, is the total energy
of the inlet section of the conduit; #; is the hydraulic efficiency of the inlet conduit for each condition;
Let i denote different calculation conditions, i=1, 2, ..., m.

At the same speed, the hydraulic efficiency of the inlet conduit decreases with the increase of the
flow coefficient, but the decrease is very small. When the flow coefficient Kq is in the range of (0.25 ~
0.64), the range of the hydraulic efficiency of the inlet conduit is 0.264%, indicating that the change of
the rotational speed has little effect on the hydraulic efficiency of the inlet conduit. The
homogenization efficiency of the inlet conduit increases with the decrease of the rotational speed, and
the homogenization efficiency of the inlet conduit is 99.88% when the speed is n=870 r/min, and the
homogenization efficiency of the inlet conduit is higher increased about 0.29% than the rotational

speed n=1450 r/min.
100.0

1

99.8

99.6 -

= - «n=1450 t/min_ = -
e 17 = 1305 r/min
994 =+=n= 1160 r/min
= = +n=1015 r/min
= =pn =870 r/min

l]j/%

1 1 1 1 1 1 1 J

99.2
0.25 030 035 040 045 0.50 0.55 0.60 0.65

K,

Figure 6. Hydraulic efficiency of inlet conduit

At different speeds, the relationship between the average circulation and the flow coefficient of the
inlet conduit outlet section is shown in figure 7. At the same speed, the circulation of the inlet conduit
decreases first and then increases with the increase of the flow coefficient. The difference of the
average circulation is only 0.084m?%/s in the calculated operating range, and the difference is small.
And the average circulation of the outlet section of the inlet conduit increases with the increase of the
rotational speed in the same flow rate coefficient. The rotation of the impeller has a certain influence
on the tangential velocity of the outlet section of the inlet conduit. When the same flow coefficient is
calculated, the variation of the rotational speed is only 0.087m?%s, and the change of the rotational
speed in the stable operation condition has little effect on the hydraulic performance of the inlet
conduit, which is the same as that obtained in the Ref.[15].
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Figure 7. Average velocity circulation of outlet section in inlet conduit

For the quantitative analysis of the speed of the inlet conduit outlet velocity field, selecting the
axial velocity of the inlet conduit outlet surface x direction (xyz coordinate direction is defined as
shown in figure 1, z axis is the pump axis direction, x axis is the horizontal direction, y axis is the
vertical direction) on the horizontal center line as the study object, and the definition of dimensionless
distance /* is

"=+ (4)

Where: /; is the distance from the measuring point to the midpoint of the survey line; /, is 0.5 times the
total length of the line; i is the number of the measuring point.
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Figure 8. Relative axial velocity distribution of outlet section in inlet conduit

The axial relative velocity distribution of the x-axis direction of the outlet section in inlet conduit at
the same flow coefficient Kq=0.50 is shown in figure 8. The axial velocity in figure 8 is the ratio of the
axial velocity to the average velocity vi/vay. The distribution of axial relative velocity on the horizontal
center line of the outlet section in inlet conduit at different rotational speeds is basically the same, the
velocity distribution is uniform, non-backflow and other bad flow appears. It is shown that the change
of the rotational speed has little effect on the flow field of the outlet section in inlet conduit.

4.2. Analysis of hydraulic performance of the outlet conduit
The relationship between the relative swirl angle and the flow coefficient is shown in figure 9 at
different rotational speeds, and the relative swirl angle of inlet section in outlet conduit is defined as
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o=——, where: (9=arctan://—t (5)
min z

Where: Onin 1s the minimum value of the inflow swirl angle in the calculation condition; v; is the
average tangential velocity; v, is the average axial velocity.

The relative swirl angle decreases first and then increases with the increase of the flow coefficient
at different speeds, the relationship between the relative value of the inflow swirl angle and the flow
coefficient is an upward curve, and when the flow coefficient Kq is in the range of 0.48 ~ 0.52, there is
a minimum value of the relative inflow swirl angle, indicating that there is a minimum inflow swirl
angle in the inlet section of the outlet conduit when the impeller speed is constant, mainly because the
design of the guide vane is based on a single working condition. The inflow swirl angle in the inlet
section of the outlet conduit is controlled by factors such as the residual circulation of the outlet of the
guide vane and the inlet boundary condition of the outlet conduit. The flow field of the outlet conduit
is complicated resulting in the relative value of the inflow swirl angle is not related to the speed at the
same flow coefficient.
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Figure 9. Relative swirl angle of inlet section in outlet conduit

The static pressure ratio of the outlet conduit at different rotational speeds is analyzed by static
pressure ratio ¢. And the static pressure ratio is calculated as

P
o= (6)

in
Where: pi, is the static pressure of the inlet surface of the conduit; pou is the static pressure of the
outlet surface of the conduit.

At different speeds, the static pressure ratio of the outlet conduit is shown in figure 10. When the
flow coefficient K is greater than 0.52, the increase of the static pressure ratio of the outlet conduit is
larger; When the flow coefficient is less than 0.52, the static pressure ratio of the outlet conduit is
relatively small. In the calculation range, the range of the static pressure ratio of the outlet conduit is
0.107. At the same flow coefficient, the static pressure ratio of outlet conduit increases slightly with
the increase of the rotational speed, and the static pressure ratio of the outlet conduit increases with the
increase of the rotational speed, when the rotational speed # increases from 870 r/min to 1450 r/min,
the static pressure ratio is only increased by 0.069, the change of the rotational speed has little effect
on the static pressure ratio of the outlet conduit.
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Figure 10. Static pressure ratio of outlet conduit

The same flow coefficient at different speeds Ko=0.50, the distribution of drift angle in inlet section

of outlet conduit is shown in figure 11, the drift angle is calculated as follows,
uJ
y = arctan—- p

aj

Where: u,; is the axial velocity of each unit in inlet section of outlet conduit; uy is the lateral velocity
of each unit in inlet section of outlet conduit.

At the same flow coefficient, the distribution of drift angle in inlet section of outlet conduit is
basically the same, and there are several small areas with large drift angle near the outlet of the rear
guide cap. But the area of each region is not the same, the drift angle of the each water particle of the
inlet surface is not symmetrical and the water flow does not enter the outlet conduit according to a
fixed drift angle, the distribution of drift angle y in the area of 6° ~ 10° is larger, and the distribution of
the drift angle in inlet section of outlet conduit is affected by the residual circulation of the outlet of
the guide vane, the internal flow field of the outlet conduit is easily calculated by the same drift angle
boundary condltlon given by the 1nlet and it is qulte dlfferent from the actual situation.
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Figure 11. Distribution contours of drift angle in inlet section of outlet conduit

The relationship between the hydraulic loss ratio and the flow coefficient is shown in figure 12 at
different rotational speeds. When the flow coefficient Kq is less than 0.50, the difference between the
hydraulic loss ratio and the flow coefficient of the outlet conduit at different rotational speeds is
obvious, and the relationship between the hydraulic loss ratio of the outlet conduit and the change of
the speed is not a certain; when the flow coefficient Kq is greater than 0.50, The hydraulic loss ratio of
the outlet conduit is similar to that of the flow coefficient at different rotational speeds; when the flow
coefficient Kq is in the range of 0.50 ~ 0.60, the hydraulic loss ratio of the outlet conduit decreases
with the increase of the rotational speed at the same flow coefficient; and when the flow coefficient is
greater than 0.58, the hydraulic loss ratio of the outlet conduit has more than 30%. During the
operation of different working conditions, the dominant factors of the hydraulic loss of the outlet
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conduit are alternated by the hydraulic loss caused by the horizontal flow velocity and axial flow
velocity. The hydraulic loss of the outlet conduit is dominated by the axial flow velocity when the flow
is large, and dominated by the horizontal flow velocity when the flow is small, at this time, the
residual circulation of the outlet of the guide vane is larger. Compared with the change of the hydraulic
loss ratio of the inlet conduit, the hydraulic loss of the outlet conduit is more complicated with the
variation of the flow coefficient, it is shown that the hydraulic loss of the outlet conduit does not
satisfy the linear functional relationship with the second power of the flow velocity.
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Figure 12. Ratio value of outlet conduit hydraulic loss

5. Conclusion

Based on the computational fluid dynamics ANSYS CFX software, the numerical simulation of the
full conduit of the S-shaped shaft extension tubular pumping system is carried out. The predicted
curve of the S-shaped shaft extension tubular pumping system Kq ~ Ky is consistent with the curve of
the physical model test, the Kq ~ # curve is in good agreement with the experimental curve, which
shows the validity and reliability of the numerical results.

The change trend of the hydraulic loss ratio of the inlet conduit and the flow coefficient is basically
the same when the speed is different. At the same speed, with the increase of the flow coefficient, the
hydraulic loss ratio of the inlet conduit also increases, and the hydraulic efficiency of the inlet conduit
decreases gradually. At the same speed, the circulation of the outlet section of the inlet conduit
decreases first and then increases with the increase of the flow coefficient. At the same flow
coefficient, the average circulation of the outlet section of the inlet conduit increases with the increase
of the rotational speed.

The relative swirl angle of the outlet conduit decreases first and then increases with the increase of
the flow coefficient at different speeds, and there is a minimum value of the relative inflow swirl angle.
At the same flow coefficient, the static pressure ratio of the outlet conduit increases slightly with the
increase of the rotational speed, and the static pressure ratio of the outlet conduit increases with the
increase of the rotational speed. At the same flow coefficient, the distribution of drift angle in inlet
section of outlet conduit is basically the same, and the drift angle of the each water particle of the inlet
surface is not symmetrical.
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