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Abstract: In order to make the centrifugal pump run efficiently and stably under various working
conditions, the influences of the incoming vortex flow in the inlet pipe on the main flow in the
impeller is studied numerically, based onthe k — w SST turbulence model. Some guide vanes with
different offset angle were added to change the statistical characteristic of the internal flow in the
inlet pipe of the centrifugal pump. Both contour distributions of internal flow and statistical results
of external performance are obtained and analyzed. The results show that the existence of vanes can
divide the large vortex because of the reversed flow from the rotating impeller at low flow rate
conditions into small vortices, which are easier to dissipate, make the velocity and pressure
distribution more uniform, improve the stability of the flow in the impeller, reduce the hydraulic
loss, and improve the hydraulic performance of the pump. The pump with vanes of offset angle 25°
has a small pressure pulsation amplitude at each monitoring point. Comparing with the
performance of the original pump, the head increased by around 2% and efficiency increased by
around 2.5% of the pump with vanes of offset angle 25°.
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1. Introduction

As a type of fluid machine that can efficiently convert the mechanical energy of the prime mover
into the fluid kinetic energy and pressure potential energy, the pump is widely used in chemical
industry, energy, agriculture, water conservancy, and petroleum industry [1-3]. However, the
centrifugal pump cannot always keep stability under various operating conditions such as different
water levels, flow rates, and rotation speeds. Meanwhile, there are many uncertain events that may
lead the centrifugal pump to be unstable [4-6]. Therefore, numerous ways have been proposed to
ensure the centrifugal pump’s efficiency and stability [7-9].

As early as the 1950s, the method of adjusting working conditions of the impeller machinery
such as centrifugal compressors, fans, and turbines by adding inlet guide vanes had been widely
used. In 2006, Xiao Jun [10] et al. conducted a performance analysis study on centrifugal compressor
with adjustable guide vanes. The research showed that the performance curve moves to the small
flow area when the offset is positive; when the offset is negative, the performance curve moves to the
large flow area and the optimal efficiency point drops rapidly. Zhou Rui [11] analyzed the influence
of the front guide vane on the performance of the axial flow pump. The results showed that the
external characteristic curve of the axial flow pump could be effectively changed after changing the
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placement angle of the front guide vane. Wang Jian et al. [12] carried out a three-dimensional full
flow numerical calculation on a low specific-speed centrifugal pump with a built-in baffle in the
suction chamber. The results showed that the amplitude of pressure pulsation in each section of the
volute was weakened when there was a built-in baffle, the amplitude of radial force acting on the
impeller was decreased, and the axial force was obviously weakened. Coppinger [13] studied the
influence of variable inlet guide vanes on industrial centrifugal compressors through experimental
verification and numerical simulation techniques. The analysis of guide vanes with an angle ranging
from —20° to +80°showed that a large angle setting would result in a large pressure loss, which would
lead to a decrease in the efficiency of the whole system, and one appropriate guide vane angle would
have a significant effect on expanding the stable operation range of the compressor.

In this paper, as a working condition adjustment method widely used in other fluid machinery,
the inlet guide vane is going to be introduced into the centrifugal pump to adjust the flow distribution
in an inlet pipe, aiming to improve the internal flow pattern and the hydraulic performance of the
centrifugal pump. The influence of inlet guide vanes on the flow characteristics of a centrifugal pump
will be studied numerically; a suggestion of inlet guide vane’s pre-selection angle of centrifugal
pump will be provided to improve the working condition and ensure the long-term efficiency and
stability of the centrifugal pump.

2. Calculating Models and Methods

The centrifugal pump selected in the numerical simulation is a single-stage commercial pump.
The main design parameters of the centrifugal pump are shown in Table 1.

Table 1. Main design parameters of centrifugal pump.

Parameter Parameter Value
Design flow rate Qu (kg/s) 16.637

Head H (m) 60

Rotating speed n (rpm) 2900
Effectiveness 77 (%) 80

Specific speed n_ 19.9
Inlet diameter D1 (mm) 94
Diameter of impeller D2 (mm) 220
Impeller outlet width b1 (mm) 15
Volute outlet diameter D3 (mm) 70

The three-dimensional modeling software Pro/E was used to model the pump, and two
cylindrical extensions were added to the impeller inlet and the volute outlet, respectively. The overall
flow of the centrifugal pump model consists of four parts, which are named as the inlet section, the
impeller, the volute, and the outlet section, just like in other literatures [14,15]. The geometric and
mesh models of the pump are shown in Figure 1.

Two symmetrical inlet straight thick guide vanes were arranged in the inlet section of the
centrifugal pump; the schematic diagram of the guide vanes is shown in Figure 2. The length of the
vane 4 is 40 mm, the width b is 50 mm, the thickness ¢ is 2 mm, the distance of the vane from the
impeller inlet is 60 mm, and the offset angle between the vane and the axial direction is 0.



Processes 2020, 8, 122 3 of 23

‘/ export section

volute

impeller

inlet section

(a) Geometric model (b) Mesh model

Figure 1. Three-dimensional model and mesh model of the centrifugal pump.

(a) side view (b) radial view

Figure 2. Schematic diagram of inlet guide vanes.

A non-structural tetrahedral grid was used to mesh the inlet section of the pump with guide
vanes. Grids around the guide vane were properly refined to improve the accuracy of the numerical
simulation [16,17]. The grid diagram of the inlet guide vane wall surface and the overall perspective
view of centrifugal pump with inlet guide vanes are shown in Figure 3.

I\

(a) Grids around the guide vane (b) Overall perspective view of the centrifugal pump with guide vanes
Figure 3. Grid diagram and the centrifugal pump with vanes.
Among the two-equation turbulence models, the k — & turbulence model can better simulate
the turbulent flow that is fully developed away from the wall surface. The k — w turbulence model

has a wider application to solve the boundary layer involved in problems under various pressure
gradients and is widely recognized in engineering [18-20]. The control equations are as follows:

k equation:
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P is the turbulence generation rate; ', «, [, O,, O, are empirical model parameters,

B'=0.09, a=5/9, f=0.075, 6,=2, 0,=2.

3. Result Analysis

3.1. Method Validation

It is necessary to verify the independence of the centrifugal pump grid [21-23]. Generally
speaking, if the geometry model is correctly meshed, the Reynolds-Average Navier-Stokes-based
turbulence simulation result will not fluctuate significantly as the number of model grids increases.
On the other hand, the centrifugal pump head is usually the most interesting parameter so it can be
regarded as a reliable reference standard for the grid independence evaluation. Therefore, four sets
of grids with different total grid numbers (1.2 million, 1.8 million, 2.7 million, and 4.1 million) were
adopted to conduct steady numerical simulation under a design flow condition of the centrifugal
pump. Different centrifugal pump heads based on these four sets of grids are given in Table 2. The
result shows that all the deviations are within 0.5%. Taking the factors such as saving computing
resources and computing time into account, the third grid was finally selected.

Table 2. Grid independence check for the simulation.

Grid Grid1 Grid2 Grid3 Grid4
Number of grids 1,220,844 1,831,266 2746,899 4,120,348
Predicted head/m 61.43 61.63 61.28 61.03

The accuracy and reliability of the numerical method were verified as well by comparing
simulation pumps head and efficiency with experiment results under different flow rates. The test
rig is shown in Figure 4. The simulation and experiment results are shown in Figure 5. In order to
simplify the experiment and calculation, a dimensionless flow parameter was selected as the
horizontal axis, represented by the flow coefficient ¢. Its definition is:

Flow rate

)

- Design flow rate

It can be seen that errors between the experimental value and the simulation value about the
pump’s head and efficiency under different flow rates are mostly within 10%, so the effectiveness of
the calculation model and method can be proved, which can be used for subsequent numerical

analysis.
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Pressure measuring point
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Figure 4. The scheme of the test rig.

(a) Flow-head (b) Flow-efficiency

Figure 5. Comparison of experimental and simulation results for pump head and efficiency.

3.2. Flow Field Analysis of Inlet Pipelines

When the centrifugal pump is working, it is easy to generate backflow at the inlet of the impeller
under the condition of a small flow rate [17,24,25]. When the backflow occurs, the fluid from the
rotating impeller interacts with the incoming fluid and transfers the rotating energy to the incoming
fluid, leading to the appearance of a vortex in the inlet pipe. In order to study the vortex phenomenon
in the inlet pipe and the effect of the inlet guide vanes on flow state, a widely used Q criterion was
adopted as the flow characterization method to analyze the vortex appearing in the inlet pipe, which
characterizes the flow. Q criterion was proposed by Hunt et al. [26] in 1988 and defined the region of
the second matrix invariant Q of the velocity gradient tensor V¥ in the flow field with a positive
value as a vortex. In addition, it requires that the pressure in the vortex region is lower than the
pressure in the surrounding flow field. For incompressible fluids:
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Figure 6 shows the numerical distribution of the Q criterion in the inlet section near the inlet
guide vane. The x-axis is the ratio of the length L of the monitoring point to the inlet of the impeller
and the radius of the inlet pipe section R. It can be seen from the figure that in the inlet of the pump
without guide vanes, under three small flow conditions of 0.2Qq, 0.4Q4 and 0.6Qq, the Q criterion
values are relatively large where the locations are close to the impeller, indicating that a vortex
appears in the inlet section. As the flow rate decreases, the area where the vortex of the inlet pipe
section appears gradually expands. The strength of the vortex also increases with the decrease of flow
rate, which greatly blocks the main flow of the fluid. Compared with the result in the inlet section of
the pump without guide vanes, vortices in the guide vane pump, under the conditions of small flow
of 0.2Q4, 0.4Q4, and 0.6Qq, are closer to the impeller, and the strength of the vortex structure is smaller
too. This shows that with the effects of inlet guide vanes, the position of the vortex structure can be
moved toward the impeller, the strength of the vortex is weakened, and the flow blockage in the inlet
pipe section can be reduced.
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Figure 6. Numerical distribution of Q criteria for inlet and outlet sections with or without inlet guide

vanes.

3.3. Impeller Flow Field Analysis

In order to study the distribution of physical quantities such as velocity and pressure of the
centrifugal pump along the circumferential direction and the volute section, the angular distributions
and the cross-sectional distributions of the volute section are shown in Figure 7.

|
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(a) Circumferential angle
and volute section (b) Section VI and section VIII
distributions

(c) Volute monitoring
point distribution

Figure 7. Volute cross section and monitoring point distribution.

Figure 8 shows the cross-sectional velocity distribution of the centrifugal pump impeller. The
position of each flow passage of the centrifugal pump impeller is shown in Figure 7. In order to study
the influence of the inlet guide vane on the fluid velocity distribution in the impeller flow passage of
the centrifugal pump, we analyzed the internal flow of the impeller at the operating point of 0.2Qa ~
1.6Qq. The various working conditions of the inlet guide vanes were compared, and the velocity
distribution of the impeller section was analyzed. It can be seen from the figure that at the design
operating point of 1.0Qq, the internal velocity distribution of the centrifugal pump impeller without
the inlet guide vanes is good, and the blade pressure surface velocity distribution is relatively regular.
The velocity distribution of the flow path away from the tongue portion in the pump with guide
vanes is similar to the centrifugal pump velocity distribution without guide vanes, and a large low-
speed zone appears at the flow path 6 near the tongue. This is because the flow state of the centrifugal
pump is good when the centrifugal pump is working at the design condition, and the presence of the
vanes has a certain disturbing effect on the flow of the fluid inside the centrifugal pump. At the
working point of a high flow rate such as 1.2Qa ~ 1.6Q4, the low-speed zone of an impeller pressure
surface is small at the blade path near the tongue. With the increasing flow rate, the local high-speed
zone appears in blade path 1 near the tongue. When the flow rate reaches 1.6Qq, the high-speed zone
inside the blade path reaches the maximum; compared with the pump without guide vanes, the
pump with inlet guide vanes has a larger area in the low-speed zone of flow channel 4, and in other
channels, the velocity distribution in the impeller of the pump with and without inlet guide vanes is
basically the same. At low flow conditions such as 0.2Q4 ~ 0.8Qq, in blade path 1, 2, 5, and blade path
6 near the tongue, the centrifugal pump with and without inlet guide vanes has a large area of low
speed. The dynamic and static interference between the tongue and the impeller gradually increases
with the decreasing flow rate. The low-speed zone in the impeller blade path gradually extends from
the blade path near the tongue to the other blade path, and the flow of liquid flow in the blade path
is seriously blocked. At the 0.2Qu operating point, the area of the low-speed zone in the entire impeller
flow path is the largest. At the low flow operating point, the area of the low-velocity zone of the
centrifugal pump with the inlet vane in the flow channel near the tongue portion is smaller than the
area of the low-velocity zone of centrifugal pump without the inlet guide vane, and the presence of
the inlet guide vanes has a certain inhibitory effect on the low-velocity region of the impeller blade
path under low flow conditions. Through the analysis of the velocity field of the section in the
impeller, it can be seen that under the small flow condition, the internal flow field of the impeller
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becomes turbulent with the decrease of the flow rate, and the area of the low-speed area generated
in the impeller flow path gradually expands with the decrease of the flow rate, blocking the flow in
the impeller flow channel, significantly affecting the flow capability of the impeller and increasing
the hydraulic loss; compared with the centrifugal pump without inlet guide vanes, the low-speed
area of the impeller passage with inlet guide vanes is smaller in the impeller passage under the
condition of low flow, which can improve the flow state of the impeller passage to some extent,
enhance the flow capacity of the impeller, and reduce the hydraulic loss of the centrifugal pump
under the condition of low flow. At the design condition point and the large flow condition point,
the existence of the vane will have a certain disturbance effect on the impeller flow field, and the area
of the low-speed area in the flow channel is increased.

66 %

Without guide vanes With guide vanes Without guide vanes With guide vanes
(a) 0.2Q4 (b) 0.4Q4

Without guide vanes With guide vanes Without guide vanes With guide vanes
() 0.6Qq (d) 0.8Qu

598&

Without guide vanes With guide vanes Without guide vanes With guide vanes
(e) 1.0Qu (f) 1.2Qa
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Figure 8. Sectional velocity contour in the impeller.

Figure 9 is a plot of the turbulent kinetic energy distribution of the exit section in the impeller. It
can be seen from the figure that the magnitude of the change in the turbulent energy decreases as the
flow rate increases. Under various working conditions, the turbulent energy value near the tongue is
abruptly changed. This is the result of strong kinetic and static interference between the impeller and
the volute. The turbulent flow of the fluid here is the most intense, and it is also the area with large
energy loss. In the 0.2Q4 and 0.4Qu operating conditions, where the value of the turbulent kinetic
energy is large, it appears in the circumferential angle of 60° to 180°, compared with other operating
conditions, where there are large turbulent energy values in the 0.2Qa and 0.4Qua operating conditions.
At the 0.2Qq operating point, there is a larger value of the turbulent energy in the tongue region
compared to the pump without guide vanes. In the 0.4Qd to 0.8Qua operating point, the value of the
turbulent kinetic energy is in the range of 60° to 120° in the circumferential angle. The value of the
turbulent kinetic energy of the pump with guide vanes in this area is smaller than that pump without
guide vanes, and the kinetic energy value has a small amplitude of oscillation in the tongue area. At
the design operating point of 1.0Q4, the distribution law of the turbulent kinetic energy of the pump
with guide vanes and the pump without guide vanes is similar, but the overall value of the turbulent
kinetic energy of the pump with guide vanes is larger than that of the pump without guide vanes. At
the 1.2Qq ~ 1.6Qa operating point, there is no significant difference in the turbulent kinetic energy
distribution between the pump with guide vanes and the pump without guide vanes at the impeller
outlet. According to the above analysis, the inlet guide vanes have a significant effect on the turbulent
kinetic energy of the cross-section outlets of the three small flow conditions of 0.4Q4, 0.6Q4 and 0.8Qu.

(a) 0.2Qu (b) 0.4Qu
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Figure 9. Turbulent kinetic energy distribution in the impeller.
3.4. Volute Flow Field Analysis

3.4.1. Velocity Analysis

The section velocity contours in the volute are shown in Figure 10. As can be seen from the figure,
the flow velocity in the diffusion section of the volute is small in each flow condition, and the flow
velocity continues to decrease with the gradual decrease of the flow rate, while the area of the low
speed zone gradually increases, so does the hydraulic loss of the fluid in the diffusion section of the
volute. The flow velocity in the spiral section of the volute is relatively high. Compared to the pump
without guide vanes, the pump with guide vanes has a relatively high velocity at small flow
conditions such as 0.2Qq, 0.4Qq, 0.6Q4, and 0.8Qq, and a relatively high velocity at the outlet of the
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impeller near the tongue. At flow conditions such as 1.0Qq, 1.2Qq, 1.4Q4, and 1.6Qq, the velocity
distribution in the diffusion section and spiral section of the volute is basically the same, which is less
affected by the guide vane.

ololele

Without guide vanes With guide vanes Without guide vanes With guide vanes
(a) 0.2Qa (b) 0.4Qu

Without guide vanes With guide vanes Without guide vanes With guide vanes
() 0.6Qa (d) 0.8Qu

Without guide vanes With guide vanes Without guide vanes With guide vanes
(e) 1.0Qu (f) 1.2Qa
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Figure 10. Velocity distribution in the volute cross-section.

3.4.2. Stress Analysis

Figure 11 shows the static pressure distribution at the interface between the volute and the
impeller. As can be seen from the figure, the static pressure at the interface fluctuates periodically
along the circumference, and there are six peaks and troughs in total. At the operating points of 0.2Qu
~ 0.8Qq, the static pressure distribution at the interface of the pump with guide vanes and the pump
without guide vanes is similar on the whole. However, the static pressure at the interface of the pump
with guide vanes is slightly higher than that of the pump without guide vanes. At the working point
of 1.0Qua ~ 1.6Qq, the static pressure at the interface produces a pressure sag near the septum tongue,
with a minimum trough value and a large pressure gradient. This indicates that the flow of fluid in
the septum tongue region is complex, and with the increase of flow rate, the trough value of static
pressure at the septum tongue keeps decreasing, while at the working point of 1.6Qq, the trough value
at the septum tongue reaches the minimum.

(a) 0.2Qu (b) 0.4Qa
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Figure 11. Pressure analysis of interface between volute and impeller.

3.5. Pressure Pulsation Analysis

According to the analysis in the previous chapter, the inlet guide vane has an obvious influence
on the flow of the centrifugal pump under the conditions of 0.4Qq, 0.6Qq, and 0.8Qd. On the basis of
this chapter, in order to explore the influence of the positive offset angle guide vane on the internal
flow under the small flow condition of the centrifugal pump, the pump with the guide vane with a
positive offset angle of 25° and pump without guide vanes are selected. In contrast, the internal
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pressure pulsation distribution of the centrifugal pump under 0.4Qq, 0.6Qq, and 0.8Qa flow conditions
was analyzed. Since the calculated model pump rated speed is 2900 rpm, the impeller needs to rotate
one revolution, and the impeller rotates 1° for the time step. When the outlet pressure of the
calculated model pump changes periodically with time, the unsteady calculation is considered to
have converged. In order to ensure the accuracy of the calculated results, this paper selects the results
of the fifth cycle for unsteady result analysis.

3.5.1. Stress Analysis

In order to study the pressure variation of the fluid in the impeller flowing from the impeller
outlet into the volute channel, the pressure analysis of the representative flow sections VI and VIII in
the volute flow channel was performed. The distribution of monitoring points is shown in Figure 7.

The static pressure distribution of the VI section of the volute is shown in Figure 12. It can be
seen from the figure that the static pressure value of the VI section of the volute gradually increases
along with the impeller outlet to the volute wall surface, and the point with the lowest static pressure
value is close to one side of the impeller outlet. The maximum static pressure values at the 0.4Qu
operating point of the pump without vanes and the pump with offset angle 25° vanes in the VI section
of the volute are 954,351.62 Pa and 912,232.81 Pa, respectively, and the minimum static pressure
values are 683,489.25 Pa and 689,718.75 Pa; at 0.6Qa operating point, the maximum static pressure
values of the pump without guide vanes and the pump with offset angle 25° vanes in the VI section
of the volute are 943,854.94 Pa and 974,721.19 Pa, and the minimum static pressure values are
710,325.62 Pa and 742,769.21 Pa; at 0.8Qua operating point, the maximum static pressure values of the
pump without guide vanes and pump with offset angle 25° vanes in the VI section of the volute are
895,273.57 Pa and 917,815.94 Pa, and the minimum static pressure values are 720,154.36 Pa and
735,507.75 Pa; from the static pressure distribution of the VI section of the volute, it can be seen that
the static pressure fluctuation of the pump with guide vanes at the offset angle of 25° on the VI section
of the volute is small.
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Figure 12. Static pressure distribution of section VI for different flow rates: (a) 0.4Qq, (b) 0.6Qq, (c)
0.8Qa.

The static pressure distribution of the VIII section of the volute is shown in Figure 13. It can be
seen from the figure that the static pressure value of the VIII section of the volute gradually increases
along with the impeller outlet to the wall of the volute, and the point of the smallest static pressure
is close to one side of the impeller outlet. The maximum static pressure values of the 0.4Qd operating
point, pump without guide vanes and pump with offset angle 25° vanes in the VI section of the volute
are 864,247.48 Pa and 842,394.25 Pa, respectively, and the minimum static pressure values are
625,418.55 Pa and 654,118.75 Pa; at 0.6Qu operating point, the maximum static pressure values of the
pump without guide vanes and the pump with offset angle 25° vanes in the VI section of the volute
are 902,581.32 Pa and 893,193.81 Pa, respectively, and the minimum static pressure values are
718,217.19 Pa and 674,511.65 Pa; at 0.8Qu4 operating point, the maximum static pressure values of the
pump without guide vanes and the pump with offset angle 25° vanes in the VIII section of the volute
are 925,087.16 Pa and 873,926.19 Pa, and the minimum static pressure values are 737,156.47 Pa and
710,034.56 Pa; it can be seen from the static pressure distribution of the VIII section of the volute that
the amplitude of the static pressure fluctuation of the pump with offset angle 25° guide vanes in the
VIII section of the volute is small, and the periodicity of the pressure pulsation is obvious.
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Figure 13. Static pressure distribution of section VIII for different flow rates: (a) 0.4Qq, (b) 0.6Qq, (c)

0.8Qu.

The main reason for the dynamic and static interference between the impeller and the volute is
the special asymmetrical structure of the centrifugal pump volute. The dynamic and static
interference between the impeller and the volute will cause periodic pressure pulsation in the
centrifugal pump. The geometry of the volute tongue is the most complicated, and it is also the most
intense part of the dynamic and static interference. In order to study the pressure pulsation of the
pump without guide vanes and the pump with offset angle 25° vanes near the volute tongue, three
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monitoring points are set along the direction of the impeller to obtain the pressure pulsation data
near the volute tongue. The distribution of monitoring points is shown in Figure 7.

Figure 14 shows the comparison of pressure pulsation between the pump without guide vanes
and the pump with offset angle guide vanes at the three monitoring points of the volute tongue. It
can be seen from the figure that during the period of one rotation of the impeller, the three monitoring
points show six pressure pulsating peaks. This is because the six blades are swept over the monitoring
point, the peak of each monitoring point is located where the blade just sweeps over the monitoring
point, and the pressure value reaches the maximum at this time. Under the three small flow
conditions, the pressure pulsation peaks of each detection point appear in sequence. Due to the close
proximity of the volute tongue, the dynamic and static interference between the impeller and the
tongue is obvious, and the three monitoring pressure pulsation amplitudes of P1, P2, and P3 are
relatively large. The pump with offset angle 25° vanes is smaller than that of the pump without guide
vanes, and the pressure pulsation variation of the pump with 25° vanes at the P1 monitoring point is
small; at the P2 and P3 monitoring points, the periodicity of the pressure pulsation of the pump with
guide vanes at the offset angle of 25° is more obvious.
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Figure 14. Monitoring point pressure pulsation near the tongue for different flow rates: (a) 0.4Qq, (b)
0.6Qq, (c) 0.8Qu.

3.5.2. Frequency Domain Analysis of Pressure Pulsation

Figures 15 and 16 are the frequency domain diagrams of the pressure pulsation of the volute
section VI and the VIII section, respectively. It can be seen from the figure that the main frequency of
the pressure pulsation at the three monitoring points with small flow rates is the passing frequency
of the blade, and there is no obvious phase shift between the monitoring points on the volute section.
As the flow rate continues to decrease, the amplitude of pressure pulsations at the same monitoring

point gradually increases. Comparing the frequency domain diagrams of the pump without guide

vanes and the pump with offset angle 25° vanes at the two volute cross-sections, it can be seen that
the main frequency pressure pulsation amplitude of the pump without guide vanes at each
monitoring point is higher than the amplitude of the pump with offset angle 25° vanes; the pumps
without guide vanes have more complicated frequency characteristics at each monitoring point.
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Figure 16. Frequency domain diagram of pressure pulsation in section VIII for different flow rates:

(a) 0.4Q, (b) 0.6Q, (c) 0.8Q4.

3.6. Analysis of External Characteristics of Centrifugal Pump

Figure 17 shows the comparison of the external characteristic curves of the numerical simulation
of the centrifugal pump with and without guide vanes. It can be seen from the figure that the head
of the centrifugal pump gradually decreases with the increase of the flow rate. The hydraulic
efficiency of the centrifugal pump changes in a parabolic manner with increasing flow rate, first rising
and then decreasing, which is consistent with the law of the external characteristic curve of the
centrifugal pump. In the flow-head curve, the head of pump with guide vanes is improved at
operating conditions of 0.4Q4, 0.6Qq, and 0.8Qd4 compared with that of the pump without guide vanes;
at the design operating point of 1.0Qa4 and the large flow operating point, the head of pump with the
guide vanes is slightly lower than that of the pump without guide vanes. In the flow-efficiency curve,
the hydraulic efficiency of the pump with guide vanes at 0.4Qq, 0.6Qq, and 0.8Qu is higher than that
of the pump without guide vanes; at the design working condition point 1.0Qu, the hydraulic
efficiency of the pump without guide vanes is higher than that of the centrifugal pump with guide
vanes, and at other operating conditions, the vane has no significant effect on the hydraulic efficiency
of the centrifugal pump. This is because at the small flow operating point of 0.4Qu4 ~ 0.8Q4,the guide
vane can improve the inlet flow pattern, reducing the hydraulic loss inside the centrifugal pump, so
the head and hydraulic efficiency are improved; at the design working point of 1.0Qq, the guide vane
has a certain disturbance effect on the internal flow of the centrifugal pump, resulting in a slight
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decrease in the head and efficiency; at the very small flow point of 0.2Qua and the large flow point
1.2Qa ~ 1.6Q4, the guide vane has little effect on the inlet flow pattern of the centrifugal pump, so it
has little effect on the head and efficiency.

07 —=— without guide vanes| 1004 —a—without guide vanes
80 - —e— with guide vanes 904 —e—with guide vanes

Efficiency/(%)

0 T T T T T T | 0 y y y T T
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Figure 17. External characteristic curve of centrifugal pump.

4. Concluding Remarks

In this paper, a numerical study is carried out to analyze the differences in the flow in the pump
with and without inlet guide vanes, and some conclusions are drawn as follows.

At the low flow conditions point of 0.4Qd, 0.6Q4 and 0.8Q4, the inlet guide vane has a certain
inhibition effect on the vortex flow generated by the partial backflow phenomenon at the inlet of the
centrifugal pump. The large vortex is divided into a local small eddy, which improves the stability of
the flow in the pump, reduces the hydraulic loss and improves the hydraulic performance of the
equipment, and significantly improves the velocity distribution and turbulent kinetic energy
distribution in the passage of the blade rotating field. The inlet guide vane also has a positive effect
on improving the velocity, pressure and turbulent kinetic energy distribution near the volute tongue
in low flow conditions of 0.4Q4, 0.6Qa and 0.8Q4. Comparing the differences of the head and efficiency
of the pump without guide vanes and the pump with vanes of offset angle 25° under different flow
conditions, the head increased by 2.11%, 0.95%, and 0.73% at the three small flow conditions of 0.4Q,
0.6Qq, and 0.8Qq, respectively; and efficiency increased by 2.51%, 1.67%, and 1.25%, respectively; the
inlet guide vane weakens the inlet negative pressure area to some extent, which reduces the impact
loss of the impeller inlet and increases the pump’s head and efficiency. The pump with vanes of offset
angle 25° has a positive effect on the pressure distribution of the volute and the tongue, which reduces
the complex frequency domain characteristics of the tongue.

At the design working conditions of 1.0Qad and the large flow rates conditions of 1.2Qq, 1.4Qu
and 1.6Qq, the inlet guide vanes have a certain interference effect on the flow inside the impeller,
resulting in a more uniform distribution of velocity and turbulent kinetic energy in the blade rotating
flow, making the operation of the pump smoother.
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