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Abstract: LES (Large Eddy Simulation) is used to carry out 3-D unsteady numerical simulation of pump turbine's load increase and decrease
transition process. Various vortex structures in the blade passage with different opening degrees are captured, vortex distribution in the blade
passage is displayed, flow structure change characteristics in turbine and pump operating regions with low flow rate are analyzed,
relationship between attack angle and blade passage vortex structure is revealed, different forms of blade passage vortex are studied,
horseshoe vortex identification variables are proposed, and turbine operating conditions and pump operating conditions vortex structure
change characteristics are compared. " The calculation shows that the hydraulic stability of the pump-turbine is closely related to the flow
structure characteristics when the operating conditions of the unit are changed. During the load increase and decrease transition process, the
size and distribution range of the vane vortex structure change greatly with time, which is the main factor affecting the great change of flow
pattern.
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Research background

The inside of pump turbine is a complex turbulent flow with universality and particularity, while the S inversion flow,
static and dynamic interference flow,

Working condition change flow and vane rotating shear flow are the current research focuses. Li Jun etal S is simulated
by CFD method

The flow field characteristics in the U-shaped region are analyzed. You Guanghua, etc A guide vane asynchronous
pre-opening device (MGV device) is used to improve the S shaped flow characteristics.

The stability of the unit operation is enhanced. However, improving the unstable MGV device also has some
drawbacks, such as Liu and so on.

Discovery Adoption

The pressure fluctuation amplitude of MGV device is 2 times of that of synchronous guide vane, and the flow
instability phenomenon is also significantly increased. Xiao

It is found that MGV breaks the symmetry of the flow field, makes the flow more complicated, and increases the
amplitude of pressure pulsation to a certain extent. Tao Ran And Wang Huanmao, etc.

The hump characteristics of the pump are analyzed. Hasmatuchi etc.
Special images are used to inject bubbles between the guide vane and the runner.
The superposition technique observed the stall pattern in the guide vane runner under braking condition, and the
measured stall speed was about 70% of the rated speed. Xia Linsheng et al
The SST-SAS turbulence model is used to numerically analyze different working conditions in the four quadrants of
a pump turbine with low specific speed under the same opening by using a three-dimensional unsteady numerical
simulation method.

In general, there are 5 basic operation modes for power system dispatching, such as static operation, power
generation, phase adjustment in power generation direction, and equal adjustment in water pumping and pumping
directions. There are more than 20 kinds of operation mode changes and combinations between each mode. The
operation mode changes several times a day, even several times an hour. In the process of load increase and decrease
during the change of working conditions, because the great change of flow pattern may induce severe coupled vibration
of pumped storage system, relevant analysis and research are of great significance for the safe and stable operation of
pumped storage system. Under the current technical conditions, large eddy simulation (large-ed dy simulation, LES)



is undoubtedly the most potential and realizable turbulent flow numerical simulation method for turbulent flow
numerical simulation problems with complex geometric space and high Reynolds number, such as hydraulic
machinery. This article uses the commercial software ANSYS

[9-13]

FLUENT17.1, using LES turbulence model

For the transition process rail of a pump turbine from rated turbine condition to rated pump condition
Three-dimensional unsteady numerical simulation was carried out for the flow states corresponding to 10 operating
points on the trace, and the flow structure change characteristics under low flow conditions were analyzed to explore
the relationship between the change of operating conditions and the change characteristics of unstable flow structures.

Calculation method

Calculation Area and Grid Design This paper takes a pump turbine as a simulation object, and its main parameters are:

runner diameter 4678.5 mm,

The runner inlet height is 656.25 mm, the rated speed is 300 r/min, the rated head is 200 m, and the guide vanes are
under rated turbine and pump conditions.

The degrees are 23 and 22 respectively. As shown in figure 1, the calculation area includes volute area, water guide
mechanism area (19 fixed guide vanes and 20 movable guide vanes with negative curvature), runner area (7 vanes)

and draft tube area.

According to the flow characteristics of different regions and the characteristics of large-scale parallel
computation, grid design and partition are carried out. The fluid-solid interface is a non-slip interface. Sliding
interfaces are arranged on the dynamic and static interfaces formed by the rotating regions of the rotating wheels.
HyperMesh is adopted to realize grid partition of each region. The volute shell area (except nose end), the water guide
mechanism area and the draft tube area are divided into structural grids, while the other areas are divided into
tetrahedral unstructured grids with strong adaptability. The maximum grid size of the water guide mechanism area and
the runner area is controlled not to exceed 15 mm, wherein the grid size of the blade passage and the near-wall area is
controlled not to exceed 6 mm, and the distance y + from the wall surface of the first layer grid is less than or equal to
25; The grid size of volute inlet area and draft tube area shall not exceed 40 mm and 50 mm respectively. According
to this principle, each calculation area is divided to form a basic grid scheme a, with a total number of cells of
19,685,714. the local area grid is shown in figure 2 .

In order to check the rationality of grid design, based on grid scheme A, 1 timesand 2 times encryption methods
are adopted respectively to form grid schemes B and C. The rated turbine working condition is taken as the grid
inspection and calculation working condition, and the numerical results of the pressure distribution on the blade
pressure surface and the runner water torque are compared to judge the rationality of the grid. Through comparison,
the calculation results of grid scheme B and C are very close, and the difference of runner water torque is only 0.49%,
so grid scheme B is selected as the numerical calculation grid in this paper.
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Figure 1 Calculation Area Map 2 Grid Profile at Guide Vane Center

Calculation Method and Initial Conditions selects the large eddy simulation Smagoringsky-Lilly sub-grid stress
dynamic mode, which overcomes the shortcomings of the classical Smagorinsky conventional mode. Under the
principle of B grid scale, the finite volume method in body-fitted coordinates and non-staggered grid technology are
used for spatial discretization. The second-order fully implicit scheme is used for time discretization, in which the
convection term adopts the second-order welcome style, and the source term and diffusion term adopt the second-
order central scheme.



The calculation of load increase and decrease transition process from turbine operation to pump operation is set
according to the way of changing the opening of guide vane at a given speed. The working condition of the water
turbine adopts a flow rate inlet and a pressure outlet; The pump adopts quality inlet and free flow. Select 5 water
turbine operating points and 5 water pump operating points on the transition process trajectory line for unsteady
calculation. The parameters are shown in Table 1, where Pn is the rated operating condition.

C
O
1 2 5 7 1
Guide Vane 1 3 5 6 8
turbine 1 2 3 4 6
pump Vcondition 2 6 8 1 1

Steady calculation shall be carried out for each working condition, and the steady calculation result shall be taken as

the initial condition for unsteady calculation. Considering the rotating speed of the runner and
[14]

The calculation scale determines that each rotation of the wheel 1.5°(equivalent to 0.833 ms) is taken as 1 time steps,
i.e. 240 is calculated for each rotation of the wheel.

Each time step converges the residual target value 0.001. The calculation duration is considered as 7 rotation cycles,
and the 6 that has been stabilized is selected.

Period (t) calculation results 6 t moment for analysis. Due to the large scale of calculation, the PowerCube-S01 cloud
cube of Kunming University of Technology is used.

A certain number of CPU cores in Humber's high-performance computing system perform parallel computation. Due
to the fact that the computation efficiency decreases when too many cores are selected for parallel computation of
different scales, 60 CPU cores in node 1 are selected for parallel computation. The calculation of each working
condition requires about 72 ~ 96 h,

The calculation takes about 720 h in total.

Calculation Results and Analysis

Figure 3—-Figure 8 of Transient Process of Load Reduction in Hydraulic Turbine Working Conditions is the vortex
core diagram in the flow passage of hydraulic turbine under each working condition, and each vortex core diagram is
of large vorticity.

Vortex core at small 0.1 . When the rated working condition of the turbine is 100 %Pn, the pressure and velocity
distribution of the fluid are relatively uniform before the water flow enters the runner, and

The tip of the guide vane is slightly impacted, as shown in fig. 3 , resulting in a small amount of vortex structure
development near the tip of the guide vane. When the water enters the runner, the velocity gradient changes sharply,
and the turbulence is gradually intense. Theoretically, the runner inlet water flow velocity is basically the same as the
tangential direction of the runner inlet blade bone line under the rated working condition of the turbine, i.e. no impact
inlet condition is met when the optimal working condition is close to being met, but due to the influence of static and
dynamic interference and the like, there is a small angle of attack. The water flows into the blade passage along the
inner arc and back arc of the blade after being blocked by the blade leading edge. Under the joint influence of the
viscous effect of the curved surface of the three-dimensional twisted blade and the reverse pressure gradient caused
by the protrusions, the flow generates flow separation on the curved surface, forming shedding on the suction surface
of the blade, instability of the flow pattern, and the vortex generated by shedding forms a complex vortex structure in
the blade passage, namely the blade passage vortex. As shown in fig. 3, the vane vortex consists of a series of vortices
of different scales, occupying about the space of the vane 1/3 . Vane vortices flow downstream along the suction
surface, converge, interfere with each other, and continuously cascade into many small-scale vortices. The wat flows



;tion and the elbow section of

Figure 3 Turbine

Fig. 5 turbine working condition 50%Pn runner inner vortex core fig. 6 turbine working condition 25%Pn runner inner vortex core

The flow state changes rapidly and finally tends to be uniform in the diffusion section. As the opening of the guide
vane decreases, the flow rate decreases, the angle of attack of the flow to the blade end increases, and the impact
with the guide vane end increases

The flow separation is becoming more and more obvious, the size of the vane vortex increases, and the distribution of
the tubular vortex and horseshoe vortex in the vane is very obvious, indicating that the flow pattern is unstable, as
shown in figure 4 and figure 5 . As the opening of the guide vane further decreases, the flow passage between the
movable guide vanes is limited, the flow pattern in the runner is disordered and intensified, the streamline is
intertwined and disorganized, the vortex scale of the vane passage is relatively small but the space range is wide, and
the flow pattern distribution among the vane passages is obviously asymmetrical. As shown in fig. 7 and fig. 8 , when
the turbine is operating at 1 %Pn, there are even relatively more vortex structures in the water guide mechanism area.
the vortex structures in the runner inner runner are small in size but relatively uniform, and almost occupy the entire
runner runner space. there are many vortex bands near the lower ring side at the blade outlet water. the runner outlet
water flow does not meet the normal outlet conditions. under the action of the circumferential component of the
absolute velocity of the water flow, there is a low pressure in the center of the draft tube and an eccentric draft tube
vortex band is formed. in addition, there are phenomena such as backflow in the draft tube diffusion section.



As shown in fig. 9, 5 virtual surfaces with the same shape and size as the blade surface are arranged in one of
the blade passages. the distribution of vortices on these 5 surfaces is observed respectively, such as near wall surface
S1 of the blade pressure surface, S2 of the blade passage space 1/4 , S3 of the blade passage middle surface, S4 of the
blade passage space 3/4 , and near wall surface S5 of the blade suction surface, so as to reveal the evolution rule of
vortices in the blade passage. For the convenience of observation, the vortex structure can be generally divided into
two components: the streamwise vortex and the spanwise vortex. However, due to the three-dimensional twisted space
inside the runner and the complicated flow direction of the flow field, it is difficult to decompose the vortex into
streamwise vortex and spanwise vortex. Therefore, the average vorticity value is used for comparative analysis in this
paper. As shown in Figure 10—-Figure 15 , the distribution of vortex cores near each virtual surface under the turbine
operating condition of 50 %Pn, and as shown in Figure 16 , the average vorticity of the virtual surface under the turbine
off-design f
lines for all other off-design operating conditions are tubular fishhook type, the average vorticity value of the blade
suction surface near the wall S5 is the largest, the blade pressure surface near the wall S1 is the second, and the rest
are S4, S3 and S2 in sequence. The larger the average vorticity value is, the more vortex structures there are in the
region. The vortex structures near the suction surface are the most, which indicates that the flow separation near the
suction surface is relatively significant. The evolution of vortex structure is accompanied by energy dissipation, which
can be defined as vortex energy dissipation coefficient | =w e and gxh , w e represents vortex energy, q
represents flow rate, and h "represents water head. The calculation shows that under the same water head, 1 %Pn
turbine condition has the largest vortex energy dissipation coefficient, and the rest is 25 %Pn turbine condition, 50 %Pn
turbine condition and 75 %Pn turbine condition in sequence. It can be seen from this: the smaller the opening, the
greater the vortex energy dissipation coefficient, and the greater the vortex structure energy loss.

ondition. It can be seen that, except for the 1 %Pn turbine operating conditions, the virtual surface vorticity

According to the above analysis and the structural distribution as shown in Figure 3—-Figure 8 , the structure
and distribution characteristics of the vortex system in the blade passage under different opening degrees of the turbine
are shown. It can be seen from the figure that the vortex system structure in the runner passage is different at different
attack angles. When the angle of attack is small, the stable spiral point develops into a smaller vortex structure in the
blade passage, which is similar to the claw vortex and promotes the asymmetric development of the main vortex.
When the angle of attack is large, it develops into horseshoe vortex, which restrains the asymmetric development of
main vortex by restraining the core of main vortex. As the angle of attack continues to increase, it evolves into a
complex multi-vortex system (called the main vortex system). as shown in fig. 7 , it includes not only the main vortex
but also the complex secondary vortex structure. for the unsteady horseshoe vortex system, it also includes vortex
structures of various unsteady motion modes. When the angle of attack is medium, both horn vortex, horseshoe vortex

and tubular vortex are formed in the blade passage.



Fig. 11 vortex core near surface S2 at 50%Pn of turbine operation fig. 12 vortex core near surface S3 at 50%Pn of turbine operation
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Figure 15  Turbine Working Condition, 50%Pn and Vortex Core Region Map of Vortex in Lower One Blade Path 16  Virtual Surface Average Vorticity of

Turbine Off-design Working Condition

Limited by measurement and analysis methods, the research on vortex system is still limited. The shape and
function of various vortex structures are not identical.
Similarly, for example, the claw vortex is also called vertical vortex, spiral vortex, tornado vortex, etc., which is the
result of three-dimensional separation in flow. The shape of the claw vortex surface is a separation spiral point and a
tornado shape. The cornucopia vortex has higher frequency, smaller structural scale and weaker vortex strength, but
it shows its hydrodynamic effect and influence on the development of the main vortex system through the main vortex.

When studying turbulence, people often pay attention to the development of the main vortex system and seldom
observe or notice the existence and characteristics of the claw vortex. Tubular vortex is the result of the development
of flow structure in the blade passage space. As the tubular vortex is a twisted vortex structure with a circumferential
component, and its shape is like a water tube through the stretching of adjacent blade walls, which is difficult to capture



in general numerical calculation, it is rarely mentioned in the literature. The tubular vortex captured in this paper is
located in the middle of the blade passage and disappears at the exit of the blade passage. The horseshoe vortex is
relatively strong, and its formation mechanism is relatively single compared with that of tubular vortex. It is easy to
capture in numerical calculation. Some scholars have done a lot of research on horseshoe vortex in planar two-
dimensional flow field, such as Chen Qigang.

Horseshoe vortices generated by equicylindrical flows have been studied, but horseshoe vortices in three-dimensional
twisted space are still rarely reported. Adilozturk etc

For "spiral streamline is the main basis for judging the existence of horseshoe vortex and determining the position and
shape of horseshoe vortex. vortex structure has spiral rotation

Features ". According to the streamline distribution characteristics, the location of horseshoe vortex in this calculation
is determined as shown in figure 17 and figure 18 , which is similar to the figure

The positions of horseshoe vortex captured in 5 and 7 are consistent. But Jeong and so on. It is believed that the shape
of streamline changes with the observation coordinate system, namely

Streamlines do not satisfy Galileo invariance, so vortex structures identified by streamline method are not of universal
significance ". Referring to the results of two-dimensional space research,

In order to ensure that the identified vortex structure not only has spiral streamline characteristics, but also satisfies
Galileo invariance in geometry, rotation intensity A and ci are defined as horseshoe vortex identification variables.
Let the velocity gradient matrix of any point in the three-dimensional flow field be:

It is the rotational strength, and its size reflects the strength of the vortex structure. However, it is necessary to prove

When the velocity gradient matrix has complex characteristic roots, the flow field around it is spiral ".
: 770N N Y

Fig. 17 internal flow line of 50%Pn runner for hydraulic turbine operation fig. 18 internal flow line of 1%Pn runner for hydraulic turbine operation

The strong unsteady multi-vortex system produces great shear stress and scouring collision in the blade passage,
which increases the energy dissipation and increase
Resistance of fluid machinery, causing greater flow energy loss, reducing fluid machinery efficiency, enhancing flow
noise and mechanical vibration. When the vortex system is asymmetric, a large lateral force and eccentric moment
will be induced on the runner. This is also an unstable and complicated flow structure change that often leads to the
instability of the unit. In light of this, the noise of the factory building increases, the vibration swing of the unit
increases, the active power mutation, frequent micromotion of the governor relay, unsuccessful grid connection, etc.,
while in heavy cases, it is one of the important hydraulic factors that cause the unit accident. For example, the injected
stator one-point grounding protection power supply contact of 4 generator (600 MW) of a cascade power station in
Yunnan province looses due to long-term no-load vibration, resulting in tripping of the protection unit. Therefore,
precautions should be taken in engineering practice. 3.2 Transition Process of Increasing Flow Rate in Pump

Operation Flow Line in 1 %Pn Flow Channel of Pump Operation is shown in Figure 19, and Vortex Core in Flow



Channel of Each Pump Operation is shown in Figure 20- and Figure 24. When the pump turbine is operating in the
small flow area under the pump condition, the water flow in the draft tube is stable, and after entering the runner, it
collides with the inlet edge of the blade to generate a vortex structure, and generates a vortex belt near the outlet edge
of the blade (see fig. 19—-fig. 20). As the streamline in the congested blade passage rises spirally, the water flows out
of the rotating wheel and enters the water guiding mechanism; Due to the narrow flow passage between the movable
guide vanes, the water flow cannot pass quickly, resulting in backflow phenomenon, and a series of vortex structures
are generated due to the shedding of flow at the tail end of the movable guide vanes. The vortex structure collapses in
large quantities between the fixed guide vanes as the water flows to the volute. Compared with other flow area
conditions under the pump condition, the inlet water flow of the runner and the inlet edge of the blade have a larger
attack angle when the pump operates in the small flow area, resulting in impact and serious flow shedding.
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Fig. 19 flow line in 1%Pn flow channel under water pump condition fig. 20 vortex core in 1%Pn flow channel under water pump condition

As the opening of the movable guide vane increases, the water flow increases, the flow pattern tends to be more
stable, the streamline is smooth and uniform, and the streamline does not
Again in a spiral shape, but still a small amount of moving vane wake can be observed. With the further increase of
the flow, due to the congestion of the flow, the flow lines are becoming more uneven and irregular. Streamlines in the
draft tube are intertwined with each other, and there is a rotating component in the water flow. The flow line in the
rotating channel is similar to that in the case of small flow rate and rises spirally. And there is a small amount of vortex
structure in elbow section of draft tube. In addition, a large number of vortex structures are generated due to impact
near the inlet side of the runner blade pressure surface near the lower ring side, and part of the fluid reversely flows

into tail water along the side wall of the draft tube under the action of the vortex structures



Figure 21

Fig. 23 vortex core in 75%Pn flow channel under water pump condition fig. 24 vortex core in 100%Pn flow channel under water pump condition

The reverse flow of the tube and the circumferential outer flow passage on the side of the lower ring forms a separation
vortex.

There are relatively few vortex structures in the runner under pump operation, and the vortex structures in the
water guide mechanism area vary greatly. As shown in Figure 25—-Figure 29 , it is the vorticity (absolute value) of
the central section of the water guide mechanism under each water pump condition, and as shown in Figure 30 , itis
the average vorticity of the central section of the water guide mechanism. This shows that water
The absolute value of vorticity of the water guide mechanism is the largest under the pump working condition of
100 %Pn, the smallest under the pump working condition of 1 %Pn, and the other working conditions are in the middle.
The absolute value of vorticity of water guide mechanism is greatly affected by flow congestion when the pump is
operating at 100% Pn, while the most important influencing factor comes from wall viscosity when the pump is
operating at 1 %Pn.
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Figure 25  Pump Working Condition, 1%Pn and Water Conductor Vorticity of central section
Figure 26 Pump Working Condition, 25%Pn and Water Conductor

Vorticity of central section



Compared with the pump condition, the turbine condition has the highest amount of vortex in the runner, with

more obvious vortex system development, more vortex structures and most distribution.
In the front half of the blade path, it changes obviously with the opening of the guide vane. As shown in fig. 30 , the
average vorticity of the water guide mechanism under the pump condition is higher than that under the corresponding
hydraulic turbine condition. In addition, the average vorticity of the pump is the largest under rated working conditions
and the smallest under no-load conditions. On the other hand, the average vorticity is the largest when the turbine is
operating at no load. In the water guide mechanism area, the turbine operating vortex structure changes little, and it is
not easy to observe the vortex structure, while the pump operating vortex structure is more and changes obviously
with the guide vane opening.

The above analysis shows that the characteristics of vortex structures in the runner region and the water guide
mechanism region are basically opposite for the pump and turbine operating conditions, but there are commonness,
i.e. water flows from large space to small space, flow passages are blocked, vortex structures increase and change
significantly; On the contrary, the flow passage is smoother and the vortex structure changes are not obvious and

relatively less.

Figure 27 Pump Working Condition, 50%Pn and Water Conductor Vorticity of central section
Figure 28 Pump Working Condition, 75%Pn and Water Conductor

Vorticity of central section
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Figure 29  Pump Working Condition, 100%Pn, Vorticity Diagram of Central Section of Water Conductor 30  Average Vorticity of Central Section

of Water Conductor

Conclusion

In this paper, the large eddy simulation method based on Smagorinsky-Lilly sub-grid stress model is adopted to
carry out three-dimensional unsteady turbulent numerical calculation on the transition process of load increase and
decrease from rated turbine condition to rated pump condition. The unsteady flow structure in the small flow area of
turbine condition and water pump condition is analyzed emphatically, and the main factors of great changes in flow

pattern are explored. According to the analysis and research, the following conclusions are drawn:



(1) Because the inlet flow velocity of the runner is not consistent with the tangential direction of the inlet blade's
bone line, there is an angle of attack. The water flows into the blade passage along the inner arc and back arc of the
blade after passing through the obstruction of the blade leading edge. Under the joint influence of the viscous effect
of the three-dimensional twisted blade curved surface and the reverse pressure gradient caused by the protrusions, the
boundary layer flow develops on the curved surface to generate three-dimensional flow separation, forming shedding.
The shedding vortex forms a complex vortex system in the blade passage, namely the blade passage vortex. The
calculation captured the tubular vortex developed in the blade path.

(2) The vortex system structure induced by different attack angles of water flow inlet is also different. When the
angle of attack is small, the rupture of the tubular vortex will cause the spiral vortex to develop into a claw vortex in
the blade passage. When the angle of attack is large, it develops into horseshoe vortex. When the angle of attack is
medium, both claw vortex and horseshoe vortex are formed in the blade passage. The higher the angle of attack, the
more complex the vortex system is.

(3) When the turbine works, the average vorticity near the blade wall is large and the suction surface is higher
than the pressure surface. The flow separation is relatively significant, followed by the middle of the flow passage.
The smaller the opening of the guide vane, the greater the energy loss of the vortex structure.

(4) Vortex structure in the water guide mechanism region changes significantly with the opening degree under
the pump condition, and its average vorticity is higher than that under the corresponding turbine condition. In addition,
the average vorticity of the water pump is the largest under rated conditions and the smallest under no-load conditions.
On the other hand, the average vorticity is the largest when the turbine is operating at no load. Water flows from large
space to small space, the flow passage is blocked, vortex structure increases and changes significantly; On the contrary,
the flow passage is smoother and the vortex structure changes are not obvious and relatively less.
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