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Abstract: The 1000 MW Francis turbine unit at the Baihetan hydropower station is the maximum
capacity unit in the world at present, and it has adopted the runner type with long and short blades.
For this ultra-high output Francis turbine, especially with the breakthrough runner structure, the
hydraulic excitation phenomenon caused by internal dynamic and static interference is the key
factor for the stability of the unit. In this study, the 1000 MW Francis turbine unit is taken as the
research object, and the rated output conditions with different guide vane openings are selected for
comparative analysis. The flow field structure and the pressure pulsation characteristics inside the
guide vane and runner under different openings are obtained. The distribution characteristics and
evolution law of the vortex in the runner under different guide vane openings are analyzed. The
results show that the dynamic and static interference between the runner and the guide vane induces
the local high-speed flow to appear in the vaneless area, and the larger the guide vane opening, the
smaller the dynamic and static interference between the runner and the guide vane; the vortex in the
runner mainly develops and evolves from the inlet to the outlet and is mainly distributed near the
blade wall surface. The pressure pulsation inside the runner is mainly due to the action of dynamic
and static interference. The pressure pulsation induced by the dynamic and static interferences shows
a decreasing law from the runner inlet to the runner outlet.

Keywords: 1000 MW Francis turbine; long and short blade runner; vortex; pressure pulsation;
dynamic and static interference

1. Introduction

The 1000 MW Francis turbine unit at the Baihetan hydropower station is the maximum
capacity unit in the world at present, and its runner type with long and short blades is
adopted on the eight units on the right bank [1]. As the core component of a hydropower
station, the Francis turbine is mainly composed of a volute, stationary guide vane, guide
vane, runner, and draft tube. Due to the dynamic and static interference between runner
rotation and other components, runner blades will produce large dynamic and static loads,
and even resonance may occur between components, which makes the unit produce strong
vibration. Therefore, the hydraulic excitation phenomenon caused by the dynamic and
static interference inside the runner is the key factor for the safe and stable operation of the
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turbine unit. The appearance of the long and short blade runner of the turbine can improve
the hydraulic performance and improve the stability of the unit operation. At the same
time, the pressure pulsation in the vaneless zone is effectively reduced [2].

In recent years, domestic and foreign scholars have carried out experimental and
numerical studies on the flow characteristics and pressure pulsation characteristics of
Francis turbines under many working conditions. Wang et al. [3] found that in some guide
vane opening ranges, the pressure gradient inside the runner is not continuous, which will
lead to the formation of a blade passage vortex, thereby reducing the efficiency and stability
of the unit. Gentner C et al. [4] carried out an unsteady simulation of the whole flow passage
of the pump turbine. The results show that the unstable interference between the high
pressure of the runner and the guide vane may cause high-frequency pressure pulsation
along the circumferential direction of the runner outlet. The sudden increase in local stress
causes fatigue damage or even cracks at the junction of the upper crown and the lower
ring of the runner. Jacquet et al. [5] simulated the external characteristic parameters, runner
inlet velocity distribution, and pressure pulsation characteristics of a medium-specific speed
model pump turbine under the constant opening. The results show that the SAS-SST
turbulence model can be used to obtain results close to the model test, and it is pointed out
that the S characteristic curve is related to the backflow in the vaneless region. Combined
with model test and numerical simulation, Zhang et al. [6] studied the pump-turbine under
multiple opening conditions and pointed out that the pressure pulsation intensity in the
vaneless zone was significantly higher than that in the volute and draft tube monitoring
points at the points deviating from the design conditions. Braun et al. [7] studied the
unsteady flow in the guide vane of pump turbine under off-design conditions. The results
show that the local flow separation is greatly affected by the incident angle between the
guide vane direction and the incoming flow direction. Lowys et al. [8] put sensors and strain
gauges into the turbine runner blades to detect the pressure, and the results show that the
pressure pulsation value of the runner is stronger than that of other working conditions
when the turbine is running under the blade passage vortex condition. After the Fast Fourier
Transform (FFT), the corresponding frequency is 8-12 times the rotation frequency. Gohil
etal. [9] used CFX to analyze the hydraulic performance parameters under different working
conditions and studied the calculation results of head and efficiency loss of the Francis
turbine under five different working conditions. Kurosawa et al. [10] used the Reynolds
stress model and multiphase flow model to study the evolution of vortex in the blade by
numerical method. Yang et al. [11] proved that the velocity in the runner can be effectively
reduced by lower the rotational speed, but the rotational speed reduction was also limited
by the efficiency and velocity near the guide vane. Tang et al. [12] analyzed the vortex
characteristics of the inner blade of the runner when the Francis turbine operates under the
off-design conditions and revealed the interaction characteristics of the inner blade vortex
and energy dissipation by vorticity transport equation and entropy production method.

The above literature mainly studies the ordinary pump turbine, and there are few
studies on the turbine with long and short blade runners. Therefore, this study uses a
numerical simulation method to study the rated output conditions under three typical
openings. The flow structure and the pressure pulsation characteristics in the runner under
different openings are obtained, and the pressure pulsation distribution law inside the
runner provides some theoretical references for the study of long and short blade runners.

2. Research Object
2.1. Francis Turbine Model and Parameters

The research object is a Francis turbine unit on the right bank of the Baihetan hy-
dropower station, with a rated output of 1000 MW. The runner of the turbine adopts the
structure of 15 long blades and 15 short blades; the main parameters are shown in Table 1.
According to the design data, the whole flow field water model of the turbine is established.
The fluid domain includes five parts: volute, stay vane, guide vane, long and short blade
runner, and draft tube. The fluid domain model is shown in Figure 1.
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Volute

Draft Tube

Table 1. Main parameters and values of the Francis turbine.

Parameters Value
Maximum head H;, m 243.1
Rated head H;, m 202
Rated rotational speed 14, r/min 107.1
Rated flow rate Q;, m3/s 538.8
Rated output P;, MW 1015
Stay vane blade number, Z; 23
Guide vane blade number, Z, 24
Runner blade number, Z3 15+15
Runner inlet diameter Dy, mm 8710
Runner outlet diameter D, mm 7340
Runner inlet width b, mm 1570

Stay Vane
Runner

Guide Vane

Short blade
Long blade

(a) (b)

Figure 1. (a) Fluid domain of the Francis turbine; (b) The long and short blade runner.

2.2. Balance Equations and Turbulence Model

In this study, the Shear Stress Transport (SST) turbulence model is selected. The model
is to process different regions of the flow field by mixing the k-¢ model and the k-w model.
In the process of fluid flow, the law of conservation of mass and the law of conservation of
momentum are followed, and the control equation is the mathematical description of the
conservation law. The control equation is as follows [13].

The continuity equation is:

dp  9(pu)  d(pv)  I(pw) _
o T ox oy oz Y @)

where p is the density of fluid;  is time; and u, v and w are the velocity components of the
velocity vector in x, y, and z directions, respectively.
The momentum equation is:

d(pu) ) _0p | OTax |, OTyx | 0Ty

5 Tdiv(pun) = —5- 4+ =7+ ay T o TE ©)
a(pv) . _Odp | 0Ty | OTyy | 0Ty

o Tdivlerw) =5t oy Ty T T @)
d(pw) . _9p | 0T | 0Tz | 0Ty

at + dw(Pwu) - ax + ax ay + aZ + FZ (4)

where u is the velocity vector; p is the pressure on the fluid micro-element; Ty, Tyy, and
Ty are the components of the viscous stress T of the fluid micro-element in the x, y, and z
directions; and Fy, F,, and F; are the physical forces on the micro-element, respectively.

2.3. Grid Independence Validation and CFD Setup

In this study, CFX was used to simulate the flow field in the turbine, and the fluid
domain of each component of the turbine was meshed by Meshing. The volute, runner, and
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draft tube are meshed by tetrahedral grid, and the stay vane and the guide vane are meshed
by the hexahedral structured grid. In order to verify the grid independence, five sets of grid
schemes were created, with the total number of grids being 7,654,027, 8,163,698, 8,672,402,
9,201,632, and 9,717,968, respectively. It can be seen from Figure 2 that the efficiency tends
to smooth out as the number of grids increases, and the third set of grid schemes was
selected for simulation considering the computational speed and resources, The number of
grids of volute, stay vane, guide vane, runner, and draft tube is 1,279,176, 557,296, 247,968,
5,019,628, and 1,568,334, respectively, and the y plus of the first layer is less than 1. The
specific division results are shown in Figure 3.

9531
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n( %)

O

=

oo
T
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94.6 |-

7.5 8.0 8.5 9.0 9.5 10.0
Number of grids (x10°)

Figure 2. Validation of grid independence.

(a) Volute (b) Stay/Guide vane (c) Draft tube

(d) Runner (e) Detail of runner

Figure 3. Information of the grid for different components in Francis turbine.

The settings for CFD are as follows: the Shear-Stress Transport (55T) model is used as
the turbulence model for both steady and unsteady calculations, and the reference pressure
in the calculation domain is set to 1 atm. The inlet and outlet are pressure boundary
conditions, and the wall condition is set to No Slip Wall. The advection scheme is set to
High Resolution. The total number of steps to solve is set to 1000, Timescale Control is set
to Physical Timescale, and Convergence Criteria is set to RMS. The convergence residual
accuracy is set to 10~°. The unsteady calculation takes the steady calculation results as the
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initial value, selects the time of rotating 2° as a time step with At = 0.0031124 s, and the
calculation time is selected as eight rotation cycles with t = 4.4817927 s. The dynamic and
static interface is set to Transient Rotor Stator.

In order to obtain the pressure pulsation distribution of the runner, monitoring points
are set along the long and short blades from the inlet to the outlet of the runner. The moni-
toring points on the long blade pressure surface from the inlet to the outlet are RN01~RNO05,
and the monitoring points on the short blade pressure surface are RN06~RN10. The moni-
toring points on the long blade suction surface are RN11~RN15, and the monitoring points
on the short blade suction surface are RN16~RN20. The distribution of the monitoring
points is shown in Figure 4.

Figure 4. Monitoring point distribution in the runner.

2.4. Condition Selection and Experimental Verification

In order to study the influence of different openings of the guide vane on the internal
flow characteristics of the runner, the openings under three rated output conditions were
selected, namely, the opening corresponding to the maximum head GVO = 19.15, the
rated opening GVO = 25.02, and the maximum opening GVO = 29.28. The efficiency of
the turbine corresponding with three different openings is 92.89%, 95.23%, and 90.95%,
respectively. The comparison of real machine and simulated data is shown in Figure 5, and
the simulation error is less than 2%.

\ Numerical
Experimental
600 25.02°
\
29.28

500 T1945
F i
£
"‘E 400
&
S 300
3
°
23

200

100

GVO=19.15 GV0=25.02 GV0=29.28

Working conditions

Figure 5. Comparison of flow rate between CFD and experiment.
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3. Results and Analysis
3.1. Internal Flow Analysis of the Runner at Different Opening Conditions

The stay vane and the guide vane perform the role of diversion and adjustment to
ensure that the incoming flow entering the runner has a suitable circulation. In order to
analyze the internal flow regime of the runner, Figure 6 gives the streamlined distribution
of the stay vane, the guide vane, and the runner. Under the three opening conditions, the
internal streamline of the runner is relatively uniform, and there is no common vortex flow
at the inlet of the blade. It can be seen that the long and short blades can adjust the inflow
of the runner inlet, thereby reducing the flow loss inside the runner. With the increase in
guide vane opening, the streamlined velocity in the guide vane channel and the runner
shows the law of overall increase. Due to the dynamic and static interference between
the runner and the fixed parts, the local high-speed flow is mainly concentrated in the
vaneless area. In addition, the smaller the guide vane opening, the more obvious the effect
of dynamic and static interference.

= > o 7] 2
\ ' (‘7‘ Z Y 71
(a) GVO =19.15° (b) GVO = 25.02° (c) GVO =29.28°

Figure 6. Guide vane and runner velocity streamline.

Turbulent kinetic energy (TKE) can more intuitively reflect the stability of the flow of
the runner. Figure 7 shows the TKE distribution in the guide vane channel and the runner.
It can be seen from the figure that the larger TKE is mainly concentrated in the high-speed
flow [14,15]. Under the condition of a 19.15° opening, due to the influence of dynamic and
static interference, the larger turbulent kinetic energy appears in the vaneless area and the
connection of the guide vane channel and the runner channel, where the hydraulic loss
is larger. Under the condition of 25.02° opening, the TKE is small as a whole, and there
is no obvious phenomenon of TKE concentration. It can be seen that the flow under this
condition is relatively stable, and the hydraulic loss is small. Under the condition of 29.28°
opening degree, compared with the other two conditions, the TKE of the vaneless area and
the connection between the guide vane flow channel and the runner flow channel is smaller.
In addition, due to the instability of the internal flow of the runner, there is a local high
TKE at the inlet near the pressure surface of the runner blade. The inlet flow of the runner
has a slight flow separation near the pressure surface of the blade, resulting in a local trace
hydraulic loss. Through the above analysis, when the opening of the guide vane is 25.02°,
the internal flow of the runner is the most stable and the hydraulic loss is the smallest.
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Turbulence Kinetic Energy [m?/s2]
5.641
5.078
4.516
3953
3.390
2.828

- 2.265
1.703
- 1.140
0.577
0.015

(a) GVO=19.15° (b) GVO =25.02° () GVO =29.28°
Figure 7. Turbulent kinetic energy of guide vane and runner.

The pressure distribution of the pressure surface and the suction surface of the long
and short blades of the runner is shown in Figures 8-11. Under the three opening conditions,
the pressure distribution of the pressure surface and the suction surface of the long and
short blades gradually decreases from the inlet to the outlet, and the pressure of the pressure
surface is significantly higher than that of the suction surface. With the increase in the
guide vane opening, the surface pressure of the runner blade shows an increasing trend.
The pressure gradient distribution on the pressure surface is more uniform than that on
the suction surface, and the larger the guide vane opening, the more uneven the pressure
distribution gradient of the blade, which is mainly caused by the instability of the internal
flow of the runner at large opening.

Pressure [Pa]

H10.19><105

8.252x10°
6.313x10°

4.375%10°
2.437%10°

0.498x10 (2) GVO = 19.15° (b) GVO =25.02° (c) GVO =29.28°

Figure 8. Pressure distribution of long blade Pressure surface.

Pressure [Pa]

10.19x10°
H 8.252x10°
[64313><105 |
4.375x10° :
2.437x10°

I 2) GVO = 19.15° (b) GVO =25.02° () GVO=29.28°

Figure 9. Pressure distribution of long blade Suction surface.
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Pressure [Pa]
10.66x10°
H 8.948x10°
' 7.237%10°
5.525%10°

3.814x10°

2.102x10%
(a) GVO =19.15° (b) GVO = 25.02° () GVO =29.28°

Figure 10. Pressure distribution of short blade Pressure surface.

Pressure [Pa]

H 10.66x10° /
8.948x10°

L 7.237%10° 4
5.525%10°
3.814x10° : :

2.102x10°
(a) GVO = 19.15° (b) GVO = 25.02° (c) GVO = 29.28°

Figure 11. Pressure distribution of short blade Suction surface.

3.2. Vortex and Velocity Distribution in Runner at Different Opening Conditions

The internal vortex of the runner will have a certain interference effect on the main-
stream of the runner, resulting in instability, such as energy dissipation and flow separation.
In this study, the Q-criterion is selected to identify the internal vortex of the runner. Q-
criterion is used to characterize the streamline of fluid after deflection. Large vorticity often
occurs where the Q-criterion is large [16,17]. The vortex and velocity vector distributions
are taken at the flow surface of the runner 1/2 blade height. By observing the velocity
distribution and vortex distribution of the runner flow channel, the internal flow regime of
the runner is qualitatively analyzed, and the distribution and evolution law of the internal
vortex of the runner under different opening conditions are obtained.

The rotation of the runner is recorded as one cycle, and the vortex distribution at
the 19.15° opening is shown in Figure 12. At 1/3 cycle, the vortex is mainly distributed
on the suction surface of the runner blade near the inlet. At 2/3 cycle, the distribution
of the vortex extends to most of the range near the suction surface of the blade, and a
very small vortex area appears at the trailing edge of the long blade pressure surface. At
1.0 cycle, the vortex in the runner is distributed near the inlet of the blade suction surface,
and the vortex area appears from the trailing edge of the long blade to the outlet area. The
velocity vector distribution is locally enlarged. In a periodic range, the water flow collides
near the inlet of the suction surface of the long blade, resulting in lateral flow or even
backflow, thus forming a blade passage vortex, which is obviously corresponding to the
vortex distribution. The vortex area mainly develops from the inlet of the blade suction
surface to the outlet of the runner. Due to the large attack angle of the blade inlet under
this opening, the runner inflow and the blade suction surface are obviously impacted near
the inlet, so the vortex area always exists here.
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Velocity. Invariant Q

Velocity [m/s]

! 5.815

4.362

2.908
1.454

0

1/3T 2/3T 10T

Figure 12. Vortex and velocity distribution under 19.15° opening condition.

The vortex distribution under the condition of a 25.02° opening is shown in Figure 13.
There is almost no vortex inside the runner at 1/3 cycle, and only a small vorticity area
appears at the trailing edge of the long blade and extends along the blade direction to the
runner outlet. When the cycle is 2/3, the vortex mainly appears near the suction surface
of the long blade, and the small vorticity area appears at the trailing edge of the short
blade and extends to the runner outlet. In addition, there is a local large-scale vortex at the
trailing edge of the short blade. At 1.0 cycle, the runner is filled with small-scale vortices,
and local large-scale vortices appear near the pressure surface of the short blade. It can be
seen that the inner vortex of the runner mainly develops from the trailing edge of the long
blade to the whole runner. By amplifying the velocity vector figure locally, it is found that
there is no unstable flow, such as vortex and backflow. It can be seen that the internal flow
pattern of the runner under this opening condition is stable, the vortex scale is not large,
and the hydraulic loss is small. Therefore, the efficiency of this condition is relatively high.

The vortex distribution under the 29.28° opening condition is shown in Figure 14.
At 1/3 cycle, the vortex is mainly distributed near the blade pressure surface, and there
are also vortices between some long and short blade channels. At 2/3 cycle, the vortex
between the long and short blade channels increases, and the dispersed small-scale vortex
appears from the trailing edge of the blade to the outlet of the runner. At 1.0 cycle, the
vortex scale near the suction surface of the blade becomes larger, the whole runner is filled
with vortex, and the local large-scale vortex appears at the trailing edge of the long blade.
The vortex has a tendency to evolve from the runner outlet to the runner inlet. According
to the distribution of the velocity vector, the unsteady flow, such as obvious backflow and
transverse flow, occurs near the inlet of the blade pressure surface, resulting in a vortex
area. The velocity vector distribution of this opening condition is basically consistent with
the vortex distribution. It can be seen that the 29.28° opening makes the runner flow and
the blade pressure surface have a serious impact so there is always a large-scale vortex on
the pressure surface.
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Velocity. Invariant Q

Velocity [m/s]
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1 3.670
2.447

1.223
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Figure 13. Vortex and velocity distribution under 25.02° opening condition.

Velocity. Invariant Q

H 500

Figure 14. Vortex and velocity distribution under 29.28° opening condition.



Processes 2023, 11, 1796 11 of 15

3.3. Pressure Pulsation in Runner at Different Opening Conditions

In order to express the pressure pulsation characteristics of runners with long and short
blades more intuitively, the dimensionless pressure pulsation coefficient C,, is introduced
to represent the amplitude of pressure pulsation. The specific expression is as follows [18]:

P—P
P~ 0502 ®)
0.50u3
__ nmDy
U = —e5 (6)

where P is the pressure of the monitoring point, P is the mean pressure of monitoring
points in the cycle, p is the density of water, u; is the tangential velocity of the runner inlet,
n is the runner speed, and D is the runner inlet diameter.

Four monitoring points, RN01, RN06, RN11, and RN16, near the runner inlet are
selected. The pressure values of these monitoring points are extracted, then converted
into the pressure pulsation coefficient C, to form the time domain signal. Finally, the time
domain signal is converted to the frequency domain signal by Fast Fourier Transform (FFT),
and the pressure pulsation of the monitoring points under different opening conditions are
shown in Figures 15 and 16.

0.06 T T T T

. . 0.036 F T T " NP ——GVO=19.15 0.054F ’ —19.15 1
0.04F T GVO=19.15 ——GVO=19.15 003 GVO=19.15
0.027
002 0.018 o0
0.00 0.000 008 0.000
0.02 0.018 oosl ] -0.027
0.032 n L n L 0.026 - - L - 0.050 L L L —
GVO25.02 GV0-25.02 0.04 - GV0=25.021 . — GV0=25.02
I ~0.013 4 a [ ] 0.025 - B
0016 o U 0.02
0.000 H 0.000 0.00 H 0.000
-0.016 - d 20013 F 1 -0.02 0.025 F
0.04 | 1
-0.032 L L L L -0.026 L L L L L L L L -0.050 L L L L
0,028 GV0=29.28 GV0=29.28 0.06 GVO:29.28/‘ 0.090 - GV0=29.28
: 0.065 VA 1 0
E 0.03 - v~ 0.045 - ~
0.000 | 1 0000
’ 0.00 0.000 |
-0.028 4
-0.065 - Bl -0.03 4
0056 - ‘ ‘ ‘ ‘ ] 0045 | ‘ ‘ ‘ ‘ 3
0,130 . . . . -0.06
00 02 04 - 06 08 10 00 02 04 06 08 10 b0 02 01 o5 o 1o 00 02 04 06 08 10
t/T T t/T
(a) RNO1 (b) RN06 (c) RN11 (d) RN16
Figure 15. Time domain diagram of pressure pulsation of the monitoring point.
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Figure 16. Frequency domain diagram of pressure pulsation of the monitoring point.
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It is not difficult to find that the time domain distribution of pressure pulsation at
19.15° and 25.02° openings has obvious periodicity, while the unstable flow at 29.28°
opening leads to the weak regularity of the time domain distribution of pressure pulsation.
There are 24 peaks in a rotation cycle. From Figure 15, it can be seen that the first sub-
frequency of the pressure pulsation of the runner blade is 24f, (f, is the shaft frequency
1.875 HZ), which mainly comes from the dynamic and static interference between the guide
vane and the runner, while the low-frequency component in the frequency domain figure
is mainly caused by the unstable flow inside the runner. In the frequency domain diagram,
in addition to the first sub-frequency of 24f,, the prominent frequencies appearing at the
same time are all shaft frequency doubling. The amplitude of 2f, is higher at the 19.15°
opening, the amplitude of 4f, is higher at the 25.02° opening, and the amplitude of shaft
frequency and 3f, is higher at the 29.28° opening. These frequencies perform a secondary
role in pressure pulsation.

The opening will change the distance between the guide vane and the runner, which
in turn affects the effect of dynamic and static interference. In the frequency domain figure,
the first sub-frequency amplitude is different. In order to study the influence of the guide
vane opening on the dynamic and static interference, the pressure pulsation amplitude of
the first sub-frequency 24f, is extracted. The first sub-frequency amplitudes of different
monitoring points under three opening conditions are shown in Figure 17. It can be seen
from the figure that the first sub-frequency pressure pulsation amplitude is the smallest
when the opening is at 25.02°, followed by 19.15°, and the first sub-frequency amplitude is
the largest when the opening is at 29.28°. It can be seen that the degree of dynamic and
static interference between the movable guide vane and the runner is the least significant at
the opening condition of 25.02°, and the dynamic and static interference between the two is
the strongest at 29.28°. In addition, the pressure pulsation amplitude of the suction surface
is higher than that of the suction surface under different opening conditions, indicating
that the pressure pulsation of the suction surface is more significantly affected by the
dynamic and static interference, which is consistent with the larger scale vortex in the
vortex distribution [19,20].
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0.021 |

0.018 -

o

0.015
—=— GVO0=19.15

0.012 —o—(GV0=25.02
—A—GV0=29.28

0.009

1 L 1 L 1 L 1
RNOI RNO06 RNI1 RNI16
Figure 17. First sub-frequency pressure amplitude distribution at different opening conditions.

The pressure pulsations at different positions inside the runner are different. In order
to explore the pressure pulsation changes from the inlet of the runner to the outlet of the
impeller, the first sub-frequency and the first and second frequencies of each monitoring
point at different openings are shown in Figures 18 and 19. The runner radius is denoted
as rp, and the flow surface of RN12~RN15 is denoted as flow surface I, which is located
near the long blade and is 0.74r(, 0.56r, 0.431, and 0.35r¢p away from the center axis of
the runner, respectively. The flow surface of RN17~RN20 is denoted as flow surface II,
which is located near the short blade, and the distance from the central axis is 0.82ry, 0.73r,
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0.63rg, and 0.53r, respectively. From the frequency diagram, it can be seen that the first sub-
frequency of the monitoring points on the flow surface I at different openings is basically
24f,,. Only the first sub-frequency of the monitoring point RN15 at the three openings is f;,
4f,, 3fu, and 24f, appears in the first sub-frequency or the second sub-frequency, mainly
because the monitoring point RN15 is the farthest from the runner inlet, and the pressure
pulsation at this point is the least affected by the dynamic and static interference, and other
frequencies perform a leading role in the pressure pulsation; the first sub-frequency of the
monitoring point of the flow surface II at different openings is 24f,;. The first sub-frequency
and the second sub-frequency become the frequency doubling of other axes as the opening
changes. The pressure pulsation near the short blade is dominated by the dynamic and
static interference. It can be seen that the farther away from the runner inlet, the less
obvious the leading role of the dynamic and static interference in the pressure pulsation,
and the greater the influence of the unstable flow inside the runner.

30 —=— First sub-frequency —e— Second sub-frequency 30-=— First sub-frequency —®— Second sub-frequency 30—=— First sub-frequency —@— Second sub-frequency
f—4— Third sub-frequency -+ Third sub-frequency —=— Third sub-frequency
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r/r, 1y "7

(a) GVO = 19.15°

(b) GVO =25.02° (c) GVO = 29.28°

Figure 18. First three-order frequency distribution along flow surface L.
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Figure 19. First three-order frequency distribution along flow surface II.

4. Conclusions

1.  The internal streamline of the long and short blade runner is uniform, and there is
no obvious unstable flow, such as backflow and vortex. It can be seen that the long
and short blades can change the inflow of the runner inlet and reduce the hydraulic
loss. The dynamic and static interference between the guide vane and the runner
induces the local high-speed flow mainly concentrated in the vaneless area. As the
opening decreases, the dynamic and static interference at the vaneless area gradually
becomes significant. The pressure on the pressure surface of the blade is significantly
higher than that on the suction surface, and the pressure distribution gradient is more
uniform, showing a gradual decrease from the runner inlet to the outlet.

Under the condition of GVO = 19.15°, the vortex in the runner mainly appears near
the suction surface and gradually evolves from the runner inlet to the outlet. Under
the condition of GVO = 25.02°, there are few vortex areas, and the small vorticity
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vortex area evolves from the blade near the outlet to the blade passage area. Under
the condition of GVO = 29.28°, due to the large impact between the incoming flow
and the blade pressure surface, a large vorticity vortex area appears near the blade
pressure surface, and the vortex evolves from the runner outlet area to the inlet.

3. The first sub-frequency of pressure pulsation in the runner is basically 24f,, which
corresponds to the frequency of dynamic and static interference. The amplitude of
first sub-frequency at the GVO =29.28° condition is the largest, and the dynamic and
static interference is the most obvious. The pressure pulsation amplitude from the
runner inlet to the outlet gradually decreases along the flow direction. As the distance
from the runner inlet increases, the unstable flow gradually performs a leading role in
the pressure pulsation.
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