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Abstract. Guide vane is a key component of reversible pump-turbine for flow
regulation and guidance. In the start-up process of pump mode, guide vane will
be closed for a long time until runner rotates in full speed and then continually
opens maximum. When the opening angle is small, guide vane suffers large and
pulsating hydraulic force due to complex transient flow regime. The stress and
deformation of guide vane are important when considering the hydraulic stability
of pump-turbine. In this study, computational fluid dynamics analysis is con-
ducted under 10% maximum guide vane opening angle based on simplified do-
main. The jet-vortex flow structure can be observed in guide vane and stay vane
and induces pulsating torque on guide vane blade. The stress and deformation of
guide vane are studied by fluid-solid interaction method at torque peak, middle
and valley conditions. The structural response characteristics are understood at
small opening angle condition and can be referred for full operation conditions.
This study provides a fast prediction way of the structural response of guide vane
which is suitable for engineering cases and generates the typical force variation
law for referring.
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1 Introduction

Reversible pump-turbine is the key component in pumped storage power station. It has
two stage radial vanes including guide vane and stay vane for flow regulation and guid-
ance [, In the starting and stopping process, guide vane will be in small opening. Flow
is strongly prevented by guide vane and becomes undesirable . Many researchers
studied the flow case at small guide vane opening. Flow instability, stall in vaneless
region, inter-vane jet and other relevant problems were pointed out -, Huge pressure
difference was found between the front and back side of the small opening guide vane
blade. Based on experience, the huge pressure difference may cause high stress and
deformation on turbomachinery blades ). Plastic deformation and fatigue failure
should be cautioned. In this study, a prototype scale reversible pump turbine is selected
as the research objective and the guide vane’s structural response problem is mainly
focused on. Generally, the structural response including the force, stress and
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deformation are analysed on the guide vane based on fluid-solid interaction. The con-
dition is extremely off-design with very small guide vane opening which means that
the guide vane will face a complex excitation force. This study will help enhancing the
operation stability of pumped storage unit.

2 Studied Object and Simulation Setup

2.1 Parameters of Pump-turbine

In this study, a reversible pump turbine unit is studied in pump mode. It has a 9-blade
runner, 20-blade guide vane and 20-blade stay vane. This pump turbine is under the
rotation speed of 430 rpm. The diameter at runner high-pressure side Dy, is 4.16 m. The
dimensionless flow rate coefficient C, and head coefficient C,, are defined as:
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where g is the acceleration of gravity, H is the head, Q is flow rate, w is the rotational
angular speed, R..rcan be 0.5 Dy;. The flow rate coefficient C, and head coefficient C,
at best efficiency point are 0.043 and 1.051.

2.2  Flow Domain and Structure Domain

In this study, the condition with small guide vane opening is analyzed. The guide vane
opening angle is 3 degrees which is about 10% of the maximum opening angle. It rep-
resents the very small opening with probably local submerged jet flow which is the
main cause of flow field pulsation. The flow rate coefficient C, is 0.015. Figure 1 shows
the flow domain using in the computational fluid dynamics (CFD) simulation. It in-
cludes the draft tube, runner, guide vane and stay vane. To simplify the simulation, the
draft tube was modelled with only 0.25 Dj; length between runner and inlet boundary.
The runner domain is one single blade passage. The guide vane and stay vane domain
are also single blade passages. Outlet boundary is set at the outflow of stay vane pas-
sage. The flow domain has 155611 mesh node in total. Figure 2 shows the structure
domain of guide vane for predicting the stress and deformation by fluid-solid interac-
tion (FSI) simulation. The structure domain has 95061 nodes in total.
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Fig. 1. Flow domain of draft tube, runner Fig. 2. Structure domain of guide vane

and vanes

2.3  CFD and FSI Setup

The CFD simulations are conducted in transient state based on the flow domain in Fig.
1. The commercial software ANSYS CFX is used. The fluid medium is set as water at
20 °C. The reference pressure is set as 1 Atm. Mass flow inlet boundary is given at the
inlet boundary site shown in Fig. 1. Pressure outlet boundary is given at the outlet
boundary site shown in Fig. 1. Rotational periodic boundaries are given to simplified
the single blade passages. Domain interfaces are given for connecting different do-
mains. The continuity, momentum and total energy equations are solved for predicting
the flow field. The SST turbulence model ! is used based on the Reynolds averaged
Navier-Stokes equations. This is a zonal hybrid model which treats both the near-wall
flow and main flow well based on a lot of actual engineering simulation cases. The
steady state simulation is conducted up to 600 iterations as the initial condition of tran-
sient simulation. The transient simulation is conducted for totally 10 runner revolutions.
360 steps are taken in each revolution with maximum 10 iterations for each step. The
convergence criterion is that the root-mean-square (RMS) residuals become less than
1x107,

In the FSI simulation, the flow field are loaded on the guide vane for simulating the
stress and deformation. The hydraulic force solved in CFD simulation can be loaded on
the fluid structure interface of guide vane (vane blade surface shown in Fig. 2) by
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interpolation. The radial fixed supports are given on the surfaces surrounded by radial
bearings as shown in Fig. 2. The axial supports are given on the surfaces of vane ring
as also shown in Fig. 2. The stress and deformation can be solved based on the linear
structural transient power balance equation . The von Mises equivalent stress can be
calculated based on the fourth strength theory.

3 Results and Analysis

3.1 Internal Flow in Runner and Vanes

The absolute velocity vectors in runner and vanes are plotted on the spanwise 0.5 sur-
face as shown in Fig. 3. The vectors are colored by velocity coefficient C.:

Cv=% 3)

in

where V., is the absolute velocity, Vi, is the average absolute velocity at inlet boundary.

In Fig. 3, water ring can be found between runner trailing-edge and guide vane. It
forms because of the small guide vane opening. Most of the water are prevented from
passing through the guide vane. However, some water flow across the inter guide vane
leakage and generate jet flow. Between two jets, vortexes can be observed on the back
side of guide vane. Another large scale vortex can be found in the stay vane passage.
Based on the flow regime shown in Fig. 3, the flow around guide vane is strongly pul-
sating.
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Fig. 3. Velocity vector on the spanwise 0.5 surface in runner and vanes
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3.2  Torque on Guide Vane

To analyse the influence of pulsating flow on guide vane, the torque on guide vane T,
is monitored based on the axis shown in Fig. 4. The positive and negative value of 7y,
are indicated. The leading-edge (LE) and Trailing-edge (TE) are also defined and illus-
trated for pump mode.
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Fig. 4. Definitions for monitoring the torque on guide vane

Figure 5 shows the pulsation of 7, within 3 runner revolutions. The frequency-do-
main plot is based on the Fast Fourier Transformation (FFT). The value of 7, pulses
from about -35516 N'm to about -42596 N-m by mainly the frequency f..~=7.16 Hz.
This frequency is the runner rotation frequency. Three timesteps that negative valley
(#1), middle (#2) and negative peak (#3) of Tg, are chosen for comparison.
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Fig. 5. Monitoring of the torque on guide vane 7gy

Figure 6 shows the flow regime and force F' around guide vane around guide vane.
The force F on the front surface of guide vane strongly varies during runner rotation.
The torque T, reaches the negative peak value when F is big on the front surface near
LE. On the contrary, the torque 7, reaches the negative valley value when F becomes
small on the front surface near LE. Thus, the periodic striking of the water ring flow is
the main reason of guide vane torque. On the back surface of guide vane, the force F
and the vortex structure are also periodic changing. At the negative peak (#3) point, the
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vortex on the guide vane back surface is one. At the middle (#2) point, another small
vortex occurs near LE. At the negative valley (#1) point, there are two equal-scale vor-
texes can be observed. The force produced by each vortex becomes weaker. The force
changing on the back surface of guide vane also influences 7,.
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Fig. 6. Flow regime and force F' around guide vane

3.3 Stress and Deformation on Guide Vane

The stress and deformation will be induced by the force on guide vane. Figure 7 shows
the contour of stress and deformation. The maximum stress is on the connection be-
tween guide vane blade and shaft. The maximum deformation is on the blade leading-
edge where is also the high force region. The blade trailing-edge is also in large defor-
mation.
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Figure 8 shows the maximum stress and deformation values at negative valley (#1),
middle (#2) and negative peak (#3) timestep points. The maximum stress among the
three timesteps is at #3, it is about 209.3 MPa. The minimum stress among the three
timesteps is at #1, it is about 200.6 MPa. The maximum deformation on guide vane
blade can be from 0.213 mm to 0.228 mm. The maximum stress does not exceed the
allowable stress that 235 MPa. However, the variation of stress need further checks for
avoiding the fatigue failure.

4 Conclusions

In this study, the flow regime in pump-turbine is studied in pump mode at small guide
vane opening. The force, stress and deformation on guide vane are analyzed with con-
clusions drawn as follows:

1) At small guide vane opening, jet flow generates in the inter guide vane leak-
age. Vortexes can be found on the back side of guide vane and in the stay vane passage.
This jet-vortex flow structure is strongly pulsating and may excite fluctuating hydraulic
force.

2) The torque on guide vane is monitored during runner rotating. The torque
value pulses from about -35516 N-m to about -42596 N-m by mainly the frequency of
7.16 Hz. This specific frequency is the runner rotating frequency. The force on guide
vane blade periodically changes and induces variating torque. It proves that the runner
incoming flow will strongly impact the guide vane at small opening angle.

3) The stress and deformation on guide vane also periodically change during
runner rotation. The maximum stress varies from 200.6 MPa to 209.3 MPa at the con-
nection between blade and shaft. The maximum deformation varies from 0.213 mm to
0.228 mm at guide vane leading-edge. Fatigue failure at the maximum stress site should
be cautioned.

These above conclusions will help improving the operation stability and security
especially in the start up or shut down process of pump turbines with small guide vane
angle. It helps the future design and operation strategy of pumped storage hydropower
technique which is a support of green development.
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