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ABSTRACT

In reversible pump-turbines, guide vane vibrations are considered to have potentially severe consequences of
noise and structural damage. Unstable torsional mode self-excited vibrations of guide vanes have been reported
at small guide vane openings during transient operations involving pump flow, such as pump starting and
closing processes. In this study, coupling simulations were carried out under different operating conditions
based on the unsteady computational fluid dynamics (CFD) method with a single-degree-of-freedom (1DOF)
oscillator. The results show that the operating conditions, including the initial opening angle and the pressure
difference between the runner side and the stay vane side, significantly affect the instability of guide vane
torsional mode self-excited vibration. Energy-based analysis indicates that the positive cumulative work done
by total hydraulic torque is responsible for unstable torsional mode self-excited vibration. Furthermore, the
relatively small phase difference between total hydraulic torque and guide vane angular velocity, and the
positive feedback between vibration amplitude and energy accumulation, are considered to be the root causes
that eventually induce unstable self-excited vibrations under the operating conditions of small opening angles
and high pressure differences.

Keywords: Reversible pump-turbine; Guide vane; Torsional mode; Self-excited vibration; Numerical
simulation.

NOMENCLATURE

Cv  velocity coefficient, c,=v/uU, Ri  runner inlet radius
Co static pressure coefficient U  circumferential velocity at runner inlet

c,=n./(05007) (m/s), U, =27, /60

) . v velocity

C. total hydraulic torque coefficient on W,  for the dimensionless of the work

guide vane, C =7/(MgR)) (N-m-degree), W, = zMgR /180
g gravitational acceleration Jw  guide vane inlet-outlet pressure difference,
M mass of a guide vane Sy =(py— Ps,)/(0.50U7)
n rotating speed of runner density of the fluid
ps static pressure P Y

ps2 static pressure at guide vane outlet t total hydraulic torque on guide vane

pu total pressure at guide vane inlet

1. INTRODUCTION employed for load-leveling and grid frequency
regulation (Rau 1994). As the key component in a

Hydropower pumped-storage technology plays a pumped-storage power station, a reversible pump-
significant role in commercial energy storage at  turbine is used for energy accommodation in pump
present. Pumped-storage power stations are mode and power generation in turbine mode. Guide
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vanes are installed between the runner and the stay
vanes for flow guidance and discharge regulation
(Tanaka and Tsunoda 1980; Oishi and Yokoyama
1980). Because of the complex and varying
operation conditions caused by frequent starting and
stopping, undesirable flow patterns and hydraulic
instabilities often occur inside a pump-turbine (Zuo
et al. 2015; Zhang et al. 2017; Li et al. 2017). With
more pump-turbines adopting higher heads and
larger unit capacities, these hydraulic instabilities are
more likely to induce mechanical vibrations and even
premature mechanical failures in extreme cases (Li
et al. 2017).

Guide vane vibrations in prototype pump-turbines
have been widely studied (Pulpitel 1982;
Nennemann and Parkinson 2010; Roth et al. 2010;
2011; Nennemann et al. 2012). Rotor-stator
interactions, rotaing stalls, and von Karman vortex
shedding may cause guide vane vibrations with
different frequencies within a normal steady-state
operating range. In addition, high-amplitude guide
vane vibrations with special frequencies have
occurred in some high-head prototype reversible
pump-turbines during transient processes such as
pump starting, pump closing, and turbine-mode
over-speed tests (Nennemann and Parkinson 2010;
Nennemann et al. 2012; Zuo et al. 2015). These
guide vane vibrations have typically been found to
have large amplitudes around the torsional mode
natural frequency in water. Furthermore, high-
amplitude fluctuations of pressure and guide vane
torque have been observed in situations in which the
pressure was measured at the radial gap between
guide vanes and runner and the guide vane torque
was approximated from the servo pressures
(Nennemann and Parkinson 2010). Similar
phenomena have been observed in recent starting up
tests of a high-head prototype reversible pump-
turbine. The horizontal vibrations of the guide vanes
and the pressure fluctuations in the radial gap area
clearly occurred at high amplitudes of approximately
the torsional mode natural frequency of the guide
vane in water. Considering the frequent transient
operations that occur in pumped-storage power
stations that are regulated daily and weekly, this
high-amplitude guide vane vibration poses a high
risk of collision with neighboring guide vane blades
and might lead to structural damage to the hardware
and even premature mechanical failures in extreme
cases.

Analysis of Nennemann and Parkinson (2010)
showed that these special guide vane vibration
incidents, which occur in different operating modes,
are related to two phenomena of pump flow through
small openings: an unstable flow regime caused by
the attached flow on the guide vane trailing edge and
torsional mode self-excited vibration. According to
Tao et al. (2019), the flow regime is related to the
critical flow rate with respect to the guide vane
opening. The flow attachment to the guide vane
trailing edge normally appeared when the flow rate
was smaller than the critical value. For high-head
prototype reversible pump-turbines, a high pressure
level at the runner outlet is needed before opening
the guide vanes to achieve an efficient starting up
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process. This leads to a relatively large flow rate
through two guide vane blades and poses a higher
risk of torsional mode self-excited vibration,
especially at small openings.

Some experimental results and a theoretical model
for guide vane self-excited vibrations were presented
by Pulpitel (1982). However, some simplified setups
and assumptions were employed in this study, such
as not fully considering the influence of the
circumferential settings and geometric shape of the
guide vanes. In contrast, numerical simulations of
fluid-structure interaction have been used to study
many fluid-induced vibration problems, such as
vortex-induced vibrations in hydrofoil and runner
blades (Dorfler et al. 2012; Liaghat et al. 2014).
Methods for modeling fluid-structure interaction
have been widely investigated (see Dowell et al.
2001 for a comprehensive review). In the case of
guide vane torsional mode self-excited vibrations at
small openings, the vibration frequencies are close to
the torsional mode natural frequency in water, and
high-amplitude fluctuations have been found in
governor pressures during vibration incidents at sites
Nennemann and Parkinson 2010. It can therefore be
concluded that only the torsional mode is involved
during self-excitation incidents. The torsional mode
can be represented by a 1DOF oscillator, which has
been modeled and validated in detail for an
oscillating hydrofoil by Minch et al. (2008) and
Miinch et al. (2010). A similar approach, coupling
the unsteady CFD method with a 1DOF oscillator,
was used by Nennemann and Parkinson (2010) and
Nennemann et al. (2012) to study guide vane
vibration incidents. Torsional mode self-excited
vibrations were predicted at small openings with a
response frequency close to the natural torsional
mode frequency in water, as observed at site tests
(Nennemann and Parkinson 2010).

According to the results of previous studies,
unexpected guide vane vibrations and strong noises
in the small opening range with pump flow are
generally related to unstable torsional mode self-
excited vibrations. However, the process and
mechanism of unstable self-excited vibrations have
not been fully studied in previous research.
Furthermore, in recent starting up tests for a high-
head pump-turbine, the amplitude of guide vane
vibrations and the pressure fluctuations in the radial
gap decreased significantly after the starting up
process was changed to one with a lower-pressure
level in the radial gap area at small openings. This
shows that the amplitude of guide vane torsional
mode vibration is closely related to the pressure level
in the radial gap. In other words, the operating
conditions of the guide vane, such as the opening
angle and the pressure difference between the runner
side and the stay vane side, may have large effects on
the instability of torsional mode self-excited
vibrations. Yet the influences of guide vane
operating conditions are still not clear and have not
been the focus of previous studies. Therefore, in this
study, numerical simulations based on the coupling
of the CFD method and a 1DOF oscillator were
carried out for guide vane torsional mode self-
excited vibrations in a high-head prototype pump-
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turbine. First, the influences of the guide vane
operating conditions were analyzed and verified
based on test site measurements of guide vane
horizontal vibrations and pressure fluctuations in the
radial gap area. Then, an energy-based analysis was
conducted for torsional mode self-excited vibrations
under different operating conditions. In addition, the
dynamic characteristics of guide vane self-excited
vibrations were examined to obtain a better
understanding of how unstable torsional mode self-
excited vibration occurred with pump flow at small
opening angles. The results of this study will be
helpful in ensuring the safety of the pump-mode
starting up process and preventing mechanical
damage to high-head prototype reversible pump-
turbines.

2. NUMERICAL METHODS

2.1 Governing Equations

As shown in previous studies, the only vibration
mode involved can be concluded to be the torsional
mode. The guide vane torsional vibration only
involves the angular displacement, which is caused
by the elastic deformation of guide vane stem. This
suggests that the spanwise flow of guide vane blade,
which may be caused by end wall clearance or the
flow separation at trailing edge, can be identified as
axial disturbance and not considered in this study.
Thus, the two-dimensional (2D) approach was
considered to be a valid approximation for use in
simulating the torsional mode self-excited vibration.
As shown in Fig. 1, the torsional mode can be
represented by a 1DOF oscillator (Minch et al. 2008;
Minch et al. 2010). The torsional vibration can be
processed as the rotation of the rigid body profile
around the guide vane rotation axis, which avoids the
structural mechanics calculation of the guide vane.
The differential equation for this model is as follows

()

é+a)126’:%

where 0 is the rotation degree, § is the angular
acceleration, M is the hydraulic torque, J is the mass
moment of inertia, and w1 is the natural circular
frequency, calculated as follows:

@

w, ]
where K is the torsional stiffness and Urer is the
upstream flow velocity. In this model, the damping,
which is proportional to the vibration velocity, was
not considered, and neither was other external
damping, such as that from mechanical friction,
because these would always be positive and stabilize
the self-excited vibration. Hydrodynamic damping is
included in the hydraulic torque M.

The ANSYS CFX rigid body solver was employed
for URANS-1DOF coupling simulations. A mass-
spring system was modeled with an elastic spring
model (Izhar et al. 2017). The first-order backward
Euler algorithm was used for the rotational motion
solution. Through the displacement of the guide vane
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profile and the fluid moment obtained from the flow
solution, the new angular position can be
recalculated using the mesh deformation algorithm
and influences the flow solution of the next time step.
A detailed description of the rigid body solver can be
found in ANSYS (2017).
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Fig. 1. Sketch of therflow-induced torsional mode
vibration based on a 1DOF oscillator.

The unsteady Reynolds-averaged Navier-Stokes
(URANS) solver in ANSYS CFX was used for the
turbulent flow calculation. The mass conservation
equation and momentum equation are shown as Eqs.
(3) and (4), respectively, in both of which, all of the
averaged bars are taken off except for the Reynolds
stresses (Guo et al. 2018):

op O
—+—(pu;)=0 3
ot axj(pl) ®)
0 0
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where ui (i=u, v, w) is the velocity, xi (i=x, y, z) is the
position, t is the time, p is the pressure, x is the
dynamic viscosity, and Sw is the external momentum
source term. The turbulence model of k- shear
stress transport (Menter 1994) was utilized in this

study to model the Reynolds stresses pu'_u] In this

turbulence model, the Wilcox k- model (Wilcox
1988) is used to calculate near-wall flow and the k-¢
model (Launder and Sharma 1974) is applied for
main flow area. This exploits the advantages of these
two turbulence mode and has a good behave on the
prediction of the onset and amount of flow
separation.

2.2 Studied Object and Numerical Settings

A reversible pump-turbine typically consists of a
draft tube, a runner, adjustable guide vanes, stay
vanes, and a spiral casing, as shown in Fig. 2. Small
guide vane opening situations are experienced during
the pump-mode starting up process, as shown in Fig.
3.

Comparative studies were carried out for two
different computational domains: partial flow
passage containing one guide vane (shown in Fig. 4
with red lines) and whole flow passage involving all
guide vanes. The results showed that the influence of
neighboring guide vanes on the self-excited vibration
could be neglected in this study. Thus, the
computational domain was chosen as shown in Fig.
4 for the relatively fine mesh resolution and high
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simulation accuracy. The inlet was between the
guide vanes and the runner, while the downstream of
the computational domain was extended outward to
provide better boundary conditions. The interface
between two neighboring guide vanes was set with
rotational periodicities.

Runner

Stay vane
Guide vane

f l = k e Outflow

Spiral casing

Clearance

Draft tube

Inflow

Fig. 2. Main flow passage components of a
reversible pump-turbine (pump mode).
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/,
e
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"‘ \
$piral casiti'g/ |

Ras

Guide vane
/

Fig. 3. Horizontal central across-section of the
flow passage (runner removed).

.
Runner N Inlet

Fig. 4. Computational domain of the guide vane
torsional mode self-excited vibration

As indicated by guide vane self-excited incidents in
site tests, the self-excited vibration duration was very
short, which left little time for the change of the
average flow rate. Thus, the head was almost stable
during the self-excited vibration process, according
to the characteristic curve. This was also
demonstrated by the constant average pressure
measured in the radial gap area between the runner
and the guide vanes. Because of the low frequency
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of the flow stall in stay vanes, the outlet pressure
could be considered constant during the self-excited
vibration process. Based on this, the opening static
pressure was set as the outlet boundary condition,
which was roughly equal to the static pressure at the
outlet of the spiral casing because of the very low
flow rate. The total pressure set as the inlet boundary
condition was calculated via steady-state RANS
simulation.

The basic numerical settings are listed in Table 1.
Water was set as the working fluid in the coupling
calculations of the unsteady Reynolds-averaged
Navier-Stokes solver with a single-degree-of-
freedom oscillator model (URANS-1DOF). The
automatic near-wall treatment in ANSYS CFX was
employed for the guide vane wall, which
automatically switched from wall function to a Low-
Reynolds near-wall formulation as the mesh was
refined. The guide vane profile was calculated by the
rigid body solution. The 1DOF oscillator was
established by setting the mass moment of inertia, the
torsional stiffness, and the rotational degree of
freedom. Considering the natural frequency imposed
in the torsional spring model, a time step of At =
1.875x10 s was used to ensure adequate resolution
to the response frequency. A detailed description of
the numerical methodology can be found in ANSY'S
(2017).

Table 1 Basic numerical settings of URANS-
1DOF coupling simulations

Item Setting
Inlet bo_u n dary Total pressure
condition
Outlet bc_Jl_Jndary Static pressure
condition
Mesh motion of guide Rigid body solution
vane
1DOF torsional
External torque -
spring
Wall function Automatic near-wall
treatment

Advection scheme
Turbulence numeric

High resolution
High resolution
Second-Order
Backward Euler
Root-mean-square
residual below 1x10°°

20

Transient scheme

Convergence criterion

Maximum number of
the inner loop

2.3 Mesh Generation and Independence

In the present work, hexahedral structured meshes
were generated using ICEM-CFD to discretize the
computation domain. Three meshing cases were used
to evaluate the mesh resolution using the grid
convergence index (GCI) method based on the
Richardson extrapolation. A detailed description of
the GCI method can be found in Celik et al. (2008).
As shown in Section 3.2, the torsional mode self-
excited vibration under operating conditions of
a0=0.2°and dy=1.116, where ao is the initial guide
vane opening angle and dy is the pressure difference
between the inlet (runner side) and outlet (stay vane
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side), was more unstable than under the other
conditions considered. Thus, a mesh resolution
sufficient for the operating conditions of a0=0.2°and
Jdp=1.116 was assumed to be applicable to the other
operating cases as well. URANS-1DOF coupling
calculations were carried out based on the steady-
state RANS results. To evaluate the instability of
self-excited vibration, a damping ratio was defined
as follows:

_In(e, /o)

277N ©®)

é/(l
where a is the guide vane opening angle, the
subscript P and R represent two peaks with an
interval of NT (N=1, 2, ...), and T is the vibrating
period, as shown in Fig. 5. A negative value of the
damping ratio means the self-excited vibration is
unstable. The velocity Cy_wr at the narrow gap throat
between two guide vanes was chosen as the key
variable (y) for the steady-state RANS simulation
results, and the damping ratio £ as chosen for the
URANS-1DOF coupling calculation results. The
calculations of the discretization error for the mesh
are shown in Table 2. The convergence index of
GClrine®® was within 5%. Thus, a mesh number of
N1=81,201 was considered acceptable in this study.
In the partial computational cells shown in Fig. 6, the
meshes were intentionally refined in the narrow gap
and near the trailing edge (pump mode). The value
of ypus, a classical non-dimensional distance for
wall-bounded flow, was less than 30 for the guide
vane wall.

0.32 4

0.24 4

a(°)

0.164 \U

0.08 +

0.00 T
0.00 0.0

0.02 0.03 004 0.05 0.06
1(s)
Fig. 5. Definition of the damping ratio of
torsional mode self-excited vibration.

Table 2 Calculations of the discretization error
for the meshes

Item Cy_thr | {a
N1, N2, N3 81201, 47025, 26532
ra1 1.314
32 1.331
n 1.794 -0.04464
X2 1.824 -0.05635
X3 1.844 -0.05798
Pext®? 1.739 -0.0430
Bext?t 3.17% 3.86%
GClfine?! 3.85% 4.65%

Fig. 6. Partial computational cells of the guide
vane torsional mode self-excited vibration.

3. RESULTS AND DISCUSSION

3.1 Overview of the Guide Vane Torsional
Mode Vibrations in Site Tests

For a prototype reversible pump-turbine, the rotating
speed of the runner begins to increase from 0 t0100%
(with approximately 20% power load) during the
pump-mode starting up process. During this period,
the pressure in the runner chamber is maintained
with pressurized air to avoid instant overload. When
the rotating speed reaches 100%, the ball valve starts
opening while the air is released out of the runner
chamber. Finally, the load increases to the full load
when the ball valve and the guide vane are
completely opened.

As shown in Fig. 7, two different starting up cases
were examined in recent pump-mode site tests to
reflect two different processes for opening the guide
vane after the ball valve started to open. In starting
up process A, the guide vane stayed closed for
approximately 45.5 s and thereafter opened steadily
from O to 100%. In starting up process B, the guide
vane first pre-opened from 0 to approximately 4.8%,
maintained that degree of opening for approximately
15.5 s, and then opened steadily to 100%. The
pressure pulsations measured at the radial gap
(between the runner and the guide vanes) are shown
in Fig. 8 for guide vane openings from 0 to
approximately 4.8%. The amplitude of the pressure
pulsation was larger for starting up process A than
for process B, especially for the small opening
ranges, and then decreased as the guide vane
continued to open.

= 207 100%
2
< 604
S 304 Ball valve opening
O T T T T T
—_ 75 Guide vane opening
e\i 50+ (Starting up process A)
25
0 T T T T T T
—_ 754 Guide vane opening
2 50 (Starting up process B)
<
¥ 4.8%
0 1 T T T T T

0 10 20 30 40 50 60
1(s)
Fig. 7. Time histories of the guide vane openings
after the ball valve starts to open.
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Static presure at radial gap
(Starting up process A)

t(s)

Static presure at radial gap
(Starting up process B)

= 1.00
0.95
0.90 T T T T
30.2 304 30.6 30.8
t(s)

Fig. 8. Time histories of the pressure pulsations
at the radial gap while the guide vane is opening
from 0 to around 4.8%.

44 Starting up process A
U0
2z
2 -4
u;-e T T T T T T
g 44 Starting up process B
E
=
=0 MMMW
-4
0 1 2 3 4 5 6
T,

a) Time histories of the vibration velocities, where
Tn is the runner rotating period

024 1573, Starting up process A
0.1+
_\_.-:
vg 0.0 T T T oh Af T T
g 0.2 4 Starting up process B
=
g
<
0.1+
15.13f,
0.0 _mﬁ_ﬁ
0 10 20 30 40 50 60
f[f;}

b) Amplitudes of the vibration velocities, where fn is
the runner rotating frequency

Fig. 9. Horizontal vibration velocities of the
guide vane blade in site tests while the guide
vane is opening from 0 to around 4.8%.

The horizontal vibration velocities of the guide vane
blades were also found to have large amplitudes
during starting up process A. In this study, the guide
vane with the largest vibration amplitude was chosen
for use in evaluating the guide vanes’ vibrations in
the pump-turbine. Figure 9 shows the time histories
and amplitudes of the vibration velocity of this guide
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vane, where Cw and Aw are the vibration velocity
values that were nondimensionalized by the peak-to-
peak value of the vibration velocity in starting up
process B.

Analysis shows that the main frequencies of the
pressure pulsation and the vibration velocity during
starting up process A are both approximately equal
to the torsional mode natural frequency of the guide
vane in water (15.73fs). The high-amplitude
vibration of the guide vane during the small opening
range of starting up process A is considered to be the
torsional mode self-excited vibration (hereinafter
referred to as the self-excited vibration). In addition,
the average pressure at the radial gap in the small
opening ranges of starting up process A was much
higher than that of starting up process B. Thus, it can
be concluded that torsional mode self-excited
vibration is much more likely to be unstable when
the guide vane opening is small and the average
pressure at the runner outlet is high. In other words,
the operating conditions of the guide vane, including
the opening angle and the pressure difference
between the runner side and the stay vane side, are
closely related to the instability of the self-excited
vibration.

The detailed observations on the vibration and flow
filed are difficult to conduct at this point, because the
torsional vibration usually occurs in a high-head
prototype pump-turbine. Thus the above conclusive
experimental evidences on pressure pulsations and
guide vane vibration were used for the qualitative
validation of URANS-1DOF coupling simulations.

3.2 Influences of the Operating Conditions
on Guide Vane Self-Excited Vibrations

Coupling simulations of URANS-1DOF were
carried out at different guide vane initial opening
angles (a0) and inlet-outlet pressure difference (dy),
as shown in Table 3. Case 1 was chosen as the center
group of the orthogonal studies, in which the
pressure difference oy = 1.116 was calculated by
steady-state RANS for the flow rate of a0 = 0.2°.

Table 3 Operating conditions

Case a0 (°) oy
1 0.2° 1.116
2 0.4° 1.116
3 0.6° 1.116
4 1° 1.116
5 0.2° 0.925
6 0.2° 0.728
7 0.2° 0.422
8 0.2° 0.189

Based on the steady-state RANS results, the contours
of the static pressure and the velocity near the narrow
gap in case 1 are shown in Fig. 10. Because of the
slight opening and the high pressure difference, the
narrow gap flow is attached to the next guide vane
surface and leads to large gradients of static pressure
and velocity.

The static pressure (Cp_tr) and velocity magnitude
(Cv_thr) at the throat of the narrow gap and the total
hydraulic torque on the guide vane (C:) were plotted
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a) Static pressure

b) Velocity

Fig. 10. Contours of the static pressure and
velocity near the narrow gap under ao=0.2°and

op=1.116.
C, (& (fp
—=— Hydraulic torque
3.0 —a— Velocity at throat Lo 45
—— Pressure at throat -
244 4.0
1.8
1.8 \\\ F3.5
1.5
- ® Lao
F1.2 2.5
0.6 1.2 (2
2.0
0.0 T T T T T 0.9
00 02 04 06 08 1.0 1.2
20 ()
a) Under different initial opening angles with
Sy=1.116
c, ¢, G
3 4 —=— Hydraulic torque
—a— Velocity at throat L20 7.5
—v— Pressure at throat -
24
L6 6.0
1
L1 F4.5
0-
1 Lo.g 3.0
-2 T T T T 04 ~1.5
0.0 0.3 0.6 0.9 1.2
dyr

b) Under different pressure differences with 00=0.2°

Fig. 11. Static pressures and velocity magnitudes
at the throat and total hydraulic torques under
different operating conditions.

for different conditions, as shown in Fig. 11. The
high-speed flow in the narrow gap is strengthened as
the opening angle decreased or pressure difference
increased. Because of the larger pressure drop in the
narrow gap, the total hydraulic torque on the guide
vane (a positive value corresponds to the closing
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direction of the guide vane) is larger under
conditions of smaller opening angles or higher
pressure differences.

Figure 12 presents the damping ratios (a for different
opening angles and pressure differences. The time
histories of the stable and unstable self-excited
vibrations are also shown for some typical operating
conditions. The vibration frequencies are in the
ranges of 15.6 f, to 16.1fn, which is consistent with
the main frequency of the guide vane horizontal
vibration velocity in the site test for starting up
process A. The damping ratio declines as the initial
opening angle decreases or the pressure difference
increases. The values of £, are negative when ¢0<0.6°
or dy>0.422 and positive under other operating
conditions. This suggests that guide vane self-excited
vibrations are unstable and that it is possible to
develop high-amplitude vibrations at small initial
opening angles and high pressure differences. As the
opening angle increases or the pressure difference
decreases, the self-excitation instability is gradually
weakened and considered to be stable in cases 4 and
8.

These results agree well with the conclusive
experimental evidences of the site test with starting
up process A. Therefore, the coupling simulations
were considered to be acceptable for analyzing the
influences of guide vane operating conditions, at
least qualitatively.

a,~0.2
0.3 1
0.2
0.1
0.0+
0 2 4 6
T
0.00
N
-0.03
-0.06 . - . . . .
00 02 04 06 08 10 12
a, (°)
a) Under different initial opening angles with
oy=1.116
0.200 dyp=0.189 Sp=1.116
9;;0.196 0.2
0.1
0.192 +——————— 0.04+——F———
02 4 6 8 0 2 4 6 8
T T
0.00
f
-0.03
-0.06 + : . : )
0.0 0.3 0.6 0.9 1.2
Oy

b) Under different pressure differences with a0=0.2°

Fig. 12. Damping ratios and time histories of the

self-excited vibrations under different operating

conditions, where T is the period of self-excited
vibration.
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3.3 Energy-Based Analysis on Guide Vane
Self-Excited Vibrations

The fluid force on the guide vane was evaluated
using the total hydraulic torque M. The work done by
the hydraulic torque during one time step (from tm-1
to tm) is calculated as follows:

W — (Tm71+rm)0m
" 2
(Tm—l + z-m)(am B amfl)

(6)

where m (m=1, 2, ...) is the current time step, tm
=mxAt is the current time, =m is the current total
hydraulic torque, ém is the degree of rotation during
one time step, and am is the current opening angle. A
positive value of Wm means that the direction of total
hydraulic torque is the same as that of guide vane
rotation. Taking the case of «=0.2°and dy=1.116 as
an example, the time history of the work done by the
total hydraulic torque is shown in Fig.13. The
different stages are marked as Stages I and II. The
work fluctuates at a single frequency in Stage I but
contains a higher-frequency component in Stage II,
in addition to the basic frequency. This is caused by
the negative minimum value of total hydraulic torque
when the fluctuating amplitude is large, as shown in
Fig. 14.
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Fig. 13. Time history of the work done by total
hydraulic torque under the condition of @0=0.2°

and oy=1.116.
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Fig. 14. Time histories of the total hydraulic
torque and guide vane opening angle under the
condition of a=0.2° and dy=1.116.

During the self-excited vibration process, the
remaining energy after one vibrating period exists in
the form of guide vane rotating kinetic energy and
the elastic energy stored in the torsional spring. To
evaluate the cumulative effect of the work done by
the total hydraulic torque, a new variable is defined
as follows:

2W =2 W, )

where n (n=1, 2, ...) is the cumulative number of
time steps. The cumulative work W represents the
sum of the work done by the total hydraulic torque
during the cumulative period from 0 to ta~=nAt. A
positive value of XW indicates that the positive
work done by the total hydraulic torque is larger
than the negative work. W was calculated when
the vibration period was an integer, that is, tn=NT
(N=1, 2, ...). Considering the effect of the elasticity
of the 1DOF torsional spring, the cumulative work
24, representing the sum of the work done by the
elastic torque, could be calculated using a similar
approach.

Time histories of the cumulative work W and XA
are shown in Fig. 15 for different operating
conditions. W decreases slowly with time under
operating conditions corresponding to positive
damping ratios («0=1° in Fig. 15(a) and 6w=0.189 in
Fig. 15(b)) and increases gradually under operating
conditions corresponding to negative damping ratios.
YA is negative under all operating conditions,
indicating that the elastic torque plays a role in
damping during the self-excitation process. Under
the condition of a negative damping ratio, the large
torsional displacement of the guide vane results in a
large impedance effect of the elastic torque. What is
striking in the figures is the dramatically increasing
trend of the cumulative work W when a0=0.2°and
ow=1.116. These results suggest that the total
hydraulic torque plays a role in inputting energy into
guide vane rotation and then intensifying the self-
excited vibration.

The stability of guide vane self-excited vibration
depends on both the total hydraulic torque and the
torsional spring elastic torque. Because of the larger
positive values of W than of 24, the self-excited
vibrations are unstable under the operating
conditions corresponding to negative damping ratios.
For the operating conditions corresponding to
positive damping ratios, the self-excited vibrations
become stable because of the stronger impeding
effect of the elastic torque than the driving effect of
the total hydraulic torque.

3.4 Dynamic characteristics of guide vane
self-excited vibrations

Phase differences between the total hydraulic torque
and the guide vane angular velocity under different
operating conditions are shown in Fig. 16. The phase
differences are less than 90° when @0<0.6° or
0y>0.422. For the operating conditions of ao=1° in
Fig. 16(a) and 0yw=0.189 in Fig. 16(b), the phase
differences are greater than 90°.
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Fig. 15. Time histories of the accumulated work
YW and XA under different operating
conditions.
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Fig. 16. Phase differences between total
hydraulic torque and guide vane angular
velocity: (a) under different initial opening
angles with dy=1.116; (b) under different
pressure differences with a0=0.2°.

To analyze how the phase difference affects the
stability of guide vane self-excited vibration, the
work done by the total hydraulic torque on guide
vane rotation around its axis during one vibration
period T can be expressed as follows:

W, = [T (1) oft)dt ®)

where 7 is the fluctuating total hydraulic torque and
w is the fluctuating angular velocity. Assuming that

the total hydraulic torque and the guide vane angular
velocity vary according to sinusoidal waveforms
during one self-excited vibration period, Eq. (8) can
be expressed as follows:

T . 27 . 27
W, = IO Arsm(?t—zp) . Awsm(?t)dt )
=0.5A AT cosg

where A; and A, are the fluctuating amplitudes of the
total hydraulic torque and the guide vane angular
velocity, respectively, and ¢ is the phase difference
between the total hydraulic torque and the angular
velocity. Wr is positive if the phase difference ¢ is
less than 90°, such as in the cases of @0<0.6° or
Joy>0.422. This leads to energy accumulation during
one vibration period. In contrast, if the phase
difference is greater than 90°, the total hydraulic
torque has a damping effect on the guide vane
vibration, such as in the cases of ao=1° and dy»=0.189
in Fig.16(b), as shown in Figs. 16(a) and 16(b),
respectively.

The relation between the guide vane opening angle
and the total hydraulic torque is also helpful in
understanding the unstable self-excited vibration.
Taking the condition of a0=0.2° and dy=1.116 as an
example, the curves of total hydraulic torque as a
function of guide vane opening angle are different
for the closing process and the opening process in
both Stages I and 1, as shown in Fig. 17. Points («,
C.) encircle in a counter-clockwise direction with
time. The value difference between the closing
process and the opening process is positively
correlated to the energy accumulation in one
vibration period. This value difference is larger in
Stage Il than in Stage I. This implies that the energy
accumulation is also related to the guide vane
vibration amplitude or the angular velocity. A
qualitative explanation can be understood from Eq.
(9), in which the work done by the total hydraulic
torque in one vibration period is also related to the
fluctuating amplitudes of the total hydraulic torque
(A;) and the guide vane angular velocity (A.). For the
higher-amplitude vibration period, the larger values
of Acand A, result in larger values of Wr. This in turn
leads to an increase in the vibration amplitude of the
next period. Thus, it is concluded that there is
positive feedback between the guide vane vibration
amplitude and the energy accumulation in one
vibration period.

Under the operating conditions of small initial
opening angles and high pressure differences, the
phase differences between the total hydraulic torque
and the guide vane angular velocity are smaller than
90°, which leads to the energy accumulation in each
vibration period. Because of the positive feedback
between  vibration amplitude and energy
accumulation, an increasing vibration amplitude
contributes to energy accumulation and then leads to
a higher amplitude during the next vibration period.
Thus, unstable self-excited vibrations are induced
under these operating conditions, considering the
smaller damping effect of the torsional spring. For
the cases of large initial openings or low pressure
differences, the negative work done by the total
hydraulic torque dampens the guide vane vibration
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and gradually stabilizes the self-excited vibration.
These findings are in good agreement with the
qualitative conclusions drawn from the results of the
starting up tests described in Section 3.1, in which
the strong pressure fluctuations and the horizontal
vibration velocity of the guide vane blade are more
likely to occur under the operating conditions of
small guide vane openings and high pressures in the
radial gap area between the guide vane and the
runner. For this reason, a starting up process with a
high pressure level at the runner outlet should be
avoided for high-head prototype pump-turbines. In
other words, reducing the pressure level at the runner
outlet by changing the starting up operating process
(such as pre-opening guide vanes) is an effective way
of preventing the high-amplitude guide vane
vibrations and the strong pressure fluctuations in the
small opening range during the pump mode’s starting
up process.

—o— 1,=(.2°, Stage |

——,=0.2°, Stage 11
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Fig. 17. Total hydraulic torques vs. guide vane
opening angles in Stage I and Stage II under

20=0.2° and dy=1.116.
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4, CONCLUSIONS

The current study aimed to investigate the
relationship between the operating conditions and
guide vane self-excited vibration in a reversible
pump-turbine when running at small openings during
the pump-mode starting up process. Coupling
simulations, based on the unsteady CFD method with
a 1DOF oscillator, were carried out for the guide
vane of a high-head prototype reversible pump-
turbine under different operating conditions. The
following conclusions can be drawn:

(1) Operating conditions, including the initial
opening angle and the pressure difference
between the runner side and the stay vane
side, significantly affect the instability of
guide vane self-excited vibrations. The self-
excited vibrations are unstable and can
develop into high-amplitude vibrations
under conditions of relatively small opening
angles and high pressure differences.
Combined with the qualitative conclusions
of starting up site tests, the results show that
reducing the pressure level in the radial gap
between guide vanes and the runner is
effective in avoiding high-amplitude guide
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vane vibration and strong pressure
fluctuations in the small opening range.

(2) Energy-based analyses were conducted for
stable and unstable self-excited vibrations.
The positive work done by the total
hydraulic torque is larger than the impeding
effect of the torsional spring elasticity for
cases of negative damping ratios. This
results in energy accumulation and is
responsible  for unstable self-excited
vibrations.

(3) Further analysis of the dynamic
characteristics of guide vane self-excited
vibrations shows that the phase differences
between the total hydraulic torque and the
guide vane angular velocity are less than
90° for small openings and high pressure
differences. This is considered to be one of
the root causes of the energy accumulation
in one vibration period. In addition, there is
positive feedback between guide vane
vibration amplitude and energy
accumulation, which would aggravate the
development of unstable self-excited
vibration.

The coupling simulations conducted in this study did
not take into account the transient influences of the
pump-mode starting up process, which may affect
the characteristics of guide vane self-excited
vibration. Further investigation of this point is
needed in the future.
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