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Abstract

To investigate the dynamic transmission of unsteady hydraulic excitation within pumped-
storage units, this study presents a numerical investigation on the three-dimensional shaft-
ing vibrations of a pump-turbine based on a one-way transient fluid-structure interaction
approach. To resolve the flow field, we adopt the shear stress transport (SST) k-w turbu-
lence model in conjunction with the Zwart-Gerber-Belamri (ZGB) cavitation model, and the
combined numerical approach is first calibrated against experimental measurements. The
results indicate that under the 70% partial load, an eccentric helical vortex rope develops
inside the draft tube, generating intense low-frequency pressure pulsations that induce
chaotic shaft orbits and distinct orbital drift at the turbine guide bearing. Conversely, near
the optimal efficiency point (90% load), the vortex rope transitions into a slender, straight
conical core, yielding minimum vibration magnitude and exceptional operational stability.
At the 100% rated load, the vortex rope expands into a robust straight conical structure
extending continuously into the elbow section. Stress analysis reveals that while equiva-
lent stress concentrations consistently occur at the blade root regions, a reduction in the
cavitation number at both 90% and 100% loads leads to a counterintuitive decline in blade
surface peak stress values. Additionally, stiffness sensitivity analysis demonstrates that the
relative change rates of the shaft runout are highly sensitive to the stiffness variations of
the turbine guide bearing, where a stiffness reduction triggers a substantial runout growth
of approximately 100% along the X- and Y-directions, whereas the variations in the upper
and lower guide bearings exert extremely weak impacts.

Keywords: pump-turbine; draft tube vortex rope; fluid-structure interaction; shafting vibration

1. Introduction

In recent years, with the exacerbation of the global energy crisis and the frequent
occurrence of extreme weather events, transitioning towards clean and low-carbon energy
has become a strategic consensus worldwide. As the energy storage technology with the
largest installed capacity and the greatest commercial viability at present, pumped-storage
power plants integrate multiple core advantages, including high storage density, low en-
ergy conversion loss, an extended life cycle, and a mature engineering technological system.
To accommodate the increasingly frequent and stringent flexible regulation demands of the
power grid, pump-turbines not only must frequently switch between various operating
modes but also inevitably operate under off-design conditions for extended periods. Fur-
thermore, as current pumped-storage units continuously develop towards larger capacities,
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higher heads, and higher rotational speeds, the unsteady hydraulic excitation mechanisms
within the flow passage have become increasingly intricate. Particularly during opera-
tion under off-design conditions, eccentric draft tube vortex ropes are generated within
the straight cone section of the draft tube due to the residual circulation in the discharge
flow [1]. Concurrently, this hydraulic excitation is further transmitted to the shaft system
of the unit, inducing complex torsional, bending, and lateral vibrations within the shaft
system [2—-4].

In investigating the morphological evolution and cavitation mechanisms of draft tube
vortex ropes, scholars have conducted in-depth analyses combining numerical simulations
and experimental observations. Liu et al. [5] investigated the vortex rope during the load
rejection process of a prototype pump-turbine using numerical simulations, obtaining the
fundamental evolution laws of the draft tube vortex rope during this dynamic transient
process. Lai et al. [6] experimentally studied the internal flow field of the draft tube in a
high-head unit using Laser Doppler Velocimetry (LDV), obtaining precise physical data on
the visual morphology and internal velocity distribution of the vortex rope. Kim et al. [7]
employed a combined numerical and experimental approach to study the characteristics
of inter-blade vortices and the draft tube vortex rope at low flow rates, revealing the
spatial correlation between flow separation within the flow passage and the downstream
evolution of the vortex rope. Based on the Shear Stress Transport (SST) k-w turbulence
model, He et al. [8] investigated the draft tube vortex rope of a pump-turbine under various
operating conditions, identifying the distribution patterns of coherent vortex structures
in the internal flow field during off-design operation. Lai et al. [1] combined LDV and
high-speed photography to investigate the draft tube flow field of a pump-turbine with
splitter blades, obtaining the physical evolution laws of the complex cavitating vortex rope.

Moreover, to more accurately capture the topological structures of the vortex rope
and evaluate the induced energy losses, various vortex identification methods and entropy
production theory have been widely applied. Wang et al. [9] investigated the hydraulic
losses within the draft tube vortex rope of a Francis pump-turbine based on entropy
production theory, obtaining the specific spatial distribution and quantitative proportions
of energy dissipation during the vortex rope evolution. Yu et al. [10] conducted an in-
depth analysis of the internal flow in a variable-speed pump-turbine utilizing the SST
k-w turbulence model and the Liutex vortex identification method, finding that variable-
speed operation can effectively reduce the pressure pulsation amplitude of the unit by
approximately 20% to 30%. Furthermore, reduced-order modeling techniques for flow
fields have deepened the research on vortex rope mechanisms. Liu et al. [11] adopted
Proper Orthogonal Decomposition (POD) and Dynamic Mode Decomposition (DMD)
methods to study the coherent structures of the twin-helical vortex rope under low-load
conditions, and they successfully reconstructed the high-order spatiotemporal evolution as
well as the dominant frequency components of this intricate flow field.

Subsequently, numerous scholars have focused on excitation factors such as cavitation
and vortex ropes, conducting research on the deterioration of the internal flow field and the
structural loading characteristics of the runner under off-design conditions. Zhu et al. [12]
employed the detached eddy simulation (DES) method and the Zwart-Gerber—Belamri
(ZGB) cavitation model, revealing the nonlinear trend that the axial hydraulic thrust first
increases and then sharply decreases during the evolution from non-cavitation to critical
cavitation. Hou et al. [13] utilized the scale-adaptive simulation based on the shear stress
transport model (SAS-SST) turbulence model to capture the dynamic evolution of the
clearance flow field, concluding that the severe fluctuations of the clearance flow signifi-
cantly alter the loading state of the runner. Following comparative analyses, Xin et al. [14]
selected the SST k-w turbulence model for numerical simulations and discovered that as
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the unit operates deeper into the S-region, the clearance flow pattern evolves from pure
axial leakage to highly three-dimensional turbulent distortion, thereby exerting extremely
intense hydraulic loads on the runner. Furthermore, to accurately evaluate the structural
safety of the runner, fluid-structure interaction (FSI) technology has become an indispens-
able analytical tool. Chen et al. [15] coupled one-dimensional (1D) pipeline calculations
with three-dimensional (3D) computational fluid dynamics (CFD) simulations to obtain the
dynamic stress distribution results of the runner during the unit startup process. Addition-
ally, employing a two-way FSI analysis, Li et al. [16] found that substantial fluctuations in
the operating head greatly exacerbate the vibration response of the runner. Guo et al. [17]
investigated through numerical simulations how hydraulic excitation during the transient
process intensifies the amplitude fluctuations of blade dynamic stress.

The shaft system of a pump-turbine is primarily constrained by bearings; thus, the
bearing structure is also a crucial factor to consider. Lund [18] integrated traditional rotor
dynamics with the principles of bearing lubrication dynamic characteristics to establish
a rotor-bearing model. Furthermore, by combining experimental methods with fluid
dynamics research, several scholars [19,20] have proposed novel dynamic characteristic
models for bearings. Comparative results demonstrate that these models can effectively
capture the dynamic behaviors of rotating machinery in practical applications.

In the finite element modeling (FEM) and dynamic characteristics evaluation of unit
shaft systems, the research paradigm has evolved from isolated structural analysis toward
the coupled analysis of multiple nonlinear physical factors. Pandya et al. [21] confirmed
the significant role of finite element analysis in solving natural frequencies and conduct-
ing modal analyses of shaft systems through a systematic literature review. Meanwhile,
Liu et al. [22] horizontally compared different numerical algorithms for the modal analysis
of pump-turbine shaft systems, clarifying the high sensitivity of fluid-structure interaction
modal results to variations in boundary conditions. Following fundamental investiga-
tions into structural modes, the additional physical effects induced by complex operating
environments have gradually become a research focus. Cao et al. [23] introduced the
hydrodynamic added mass and gyroscopic effects into wet modal calculations, revealing
a peculiar shift phenomenon in the mode shapes of the shaft system under the coupled
influence of these two effects. Focusing on variable-speed units, Wang et al. [24] elucidated
the influence patterns of continuously varying rotational speeds on the inherent modal
distribution and resonance margins of the rotor system.

Finally, under partial load and complex transient operating conditions, severe hy-
draulic excitation is often the core factor inducing shaft system instability. Through struc-
tural analysis, Kong et al. [25] discovered that the shaft system exhibits asymmetric de-
formation in both axial and radial directions. Mao et al. [26] investigated the evolution
characteristics of the axial hydraulic thrust during the initial stage of startup in pump
mode, pointing out that specific low-frequency hydraulic pulsations and unbalanced forces
are the direct driving forces for early shaft system vibrations. Adopting a 1D-3D coupled
multi-excitation transient computational framework, Feng et al. [27] studied the vibration
characteristics of the shaft system during transient processes such as load rejection. They
concluded that the sudden increase in radial vibration highly corresponds with runner
stall, and the shaft orbit becomes more chaotic and complex under multi-field coupling.
Zhou et al. [28] constructed a vibration model incorporating nonlinear fluid film forces
and unbalanced magnetic pull, elucidating the nonlinear perturbation laws of multi-source
excitations on the rotor. The applied research by Zhang et al. [29] also confirmed the
existence of strong nonlinear energy transfer among various subsystems during the startup
transient process. In a multidimensional coupled nonlinear dynamic model, Shi et al. [30]
innovatively introduced a state feedback control strategy, theoretically demonstrating that
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active intervention methods exert excellent effects on suppressing the nonlinear vibration
of the shaft system.

A review of the extensive literature reveals that the stability of the unit has become
a prominent research focus in the field of pump-turbines in recent years. However, the
majority of studies concerning vibration characteristics are confined to pure mathematical
models, with only a select few investigating stability by applying explicit excitation forces
to an isolated solid domain model. The draft tube vortex rope, acting as the most critical
hydraulic excitation factor, plays a pivotal role in the operational stability of the unit; never-
theless, existing research on the vortex rope is predominantly concentrated solely within the
fluid domain. Consequently, it remains relatively rare to analyze vibration characteristics
by applying the real-time calculated hydraulic excitation forces of the pump-turbine to a
three-dimensional shaft system model utilizing the fluid-structure interaction method.

Therefore, given the current engineering context in which pumped-storage units
frequently operate under off-design conditions, this study integrates CFD and FEM to
conduct numerical simulations on the three-dimensional shaft system vibration of the
pump-turbine. These simulations are carried out by employing the SST k-w turbulence
model, the ZGB cavitation model, and a one-way transient FSI approach, with their accuracy
rigorously ensured through experimental validation. Based on the numerical simulation
results, this study explores the evolution process and formation mechanism of the draft
tube vortex rope, and further investigates the correlations among the draft tube vortex
rope, runner dynamics, and shaft system vibration, thereby laying a solid foundation for
the stable operation of pumped-storage power plants.

This paper proceeds as follows: Section 2 introduces the mathematical models, includ-
ing the governing equations, the turbulence model, and the cavitation model. Section 3
details the CFD configurations, encompassing the physical model, mesh model, boundary
conditions, and experimental validation. The numerical results are reported in Section 4,
and the main conclusions are drawn in Section 5.

2. Mathematical Model

Thermal effects are generally negligible during the internal flow of pump-turbines.
For this reason, the energy equation is excluded from the current model. The flow field
is governed solely by the conservation laws of mass and momentum. Additionally, the
working medium is treated as a strictly incompressible fluid with a constant density. Based
on these physical assumptions, the basic governing equations are formulated as follows:

dp  o(pl;)
T )
apl;) , A(pUilly) P 9

ot oy, ax oy

)

aui au] 2 auk
(u =+ ptur) <ax] + ox; — ngk(Sl]

In these equations, the symbols p, U, P, and t indicate the fluid density, time-averaged

velocity, pressure, and time, respectively, while y and py,r stand for the dynamic and
turbulent viscosities.

Large Eddy Simulation (LES) accurately resolves small-scale eddies, but its immense
computational cost prohibits its application across numerous operating conditions. Mean-
while, the standard k-¢ model [31] and standard k-w models are discarded owing to their
inherent deficiencies in near-wall treatments and computational economy. By incorporating
the transport of principal turbulent shear stress, the SST k-w turbulence model significantly
outperforms the standard version in predicting adverse pressure gradients and wake vor-
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tices. Consequently, the SST k-w turbulence model is selected for the present simulations.
Its transport equations for k and w are expressed as follows:

ok __ ok ] ok .

E‘i‘ujaij—Pk—i‘aixj (1/+(7k1/t)aixj —,B kw (3)
dw  _dw o 5, 0 ow 1 ok dw
§+u]a—xj =aS" — Bw + a—x] (v+(fw1vt)a—xj +2(1 Fl)a@aa—xja—xi 4)

The expression for F; is as follows:

4
F; = tanh{ ¢ min | max vk , 200v , 40wk )
prwy’ y?w )’ CDy?
o 1 ak a(U ~10
CDy,, = max (Zpawz w %, 9, 10 ) (6)
Turbulent viscosity is defined as:
wrk

v : )
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In this blending function, F; accounts for the weighting between the two turbulence
models across the computational domain, with Y indicating the wall distance. The empirical
coefficients §* ow;, and cw, are taken as 0.09, 0.5, and 0.856, respectively, following
experimental calibration.

The ZGB model exhibits exceptional adaptability for simulating cavitating flows in
ambient-temperature water. This framework is extensively applied throughout the field of
hydraulic turbomachinery, consistently yielding predictions that align well with empirical
measurements [32,33]. Consequently, the present research adopts the ZGB approach to
govern all relevant multiphase numerical computations.

3punuc(l —ay) |2 Max(py — p,0)
+_ z
m =C, R, \/3 o1 8)
~ _ ~ 3poay |2 Max(p, — p,0)
m- = C. R, \/3 o1 )

In the equation, R}, denotes the bubble radius, while p and py are the local fluid
pressure and the saturated liquid vapor pressure, respectively.

3. Computational Model and Numerical Setup
3.1. Numerical Simulation Settings

The current research focuses on a scaled pump-turbine model. The entire computa-
tional fluid domain incorporates five primary components: the volute, stay vanes, guide
vanes, runner, and draft tube. The three-dimensional configuration of the unit is shown in
Figure 1. Additionally, Table 1 outlines its fundamental design parameters.
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9 volute

vane

runner

draft tube

pump turbine

Figure 1. Physical model of a pump turbine.

Table 1. Basic parameters of a pump turbine.

Parameter Value
Runner inlet diameter D, 0.442 m
Runner outlet diameter Dy 0.3m
Number of runner blades 9
Number of stay vanes 20
Number of guide vanes 20
Rate rotation speed 1500 r/min
Draft tube height 1.1092 m
Draft tube length 24723 m

Structured hexahedral meshes are generated for the entire computational fluid domain.
Local mesh refinement is strictly implemented near all solid walls to accurately capture
the boundary-layer flows. Figure 2 depicts the detailed mesh distribution. Furthermore,
general mesh interfaces connect the adjacent sub-domains. The mesh densities on both
sides of these paired surfaces are carefully matched. This spatial consistency effectively
minimizes interpolation errors during data transmission across the boundaries.

volute stay vane

runner draft tube

Figure 2. Computational domain mesh.

https://doi.org/10.3390/w18141749


https://doi.org/10.3390/w18141749

Water 2026, 18, 1749

7 of 27

The commercial CFD solver ANSYS Fluent 2022 R1 is employed to perform all nu-
merical computations. The entire computational procedure consists of both steady-state
and transient analyses. To accelerate convergence, the fully developed steady-state flow
field serves as the initial condition for the subsequent unsteady simulations. The SST k-w
turbulence model is adopted to close the governing equations. This model excellently
handles adverse pressure gradients and flow separation. Consequently, it is highly suitable
for capturing the complex internal flow structures within the pump-turbine. Furthermore,
the Mixture multiphase framework is coupled with the ZGB cavitation model to accu-
rately resolve the intricate cavitating flow features. Regarding boundary conditions, a total
pressure inlet and a static pressure outlet are prescribed. All solid boundaries are strictly
enforced with no-slip wall conditions. Finally, the convergence criterion for all equation
residuals is set to 1 x 10~4.

Six representative operating conditions are selected for the current numerical inves-
tigations. Table 2 lists the detailed operational parameters. The evaluated power loads
increase progressively from 70% to 100%. For all simulated cases, the operating head is
strictly maintained at the rated value of 50 m. The internal flow rate is controlled purely
by adjusting the guide vane opening. This specific adjustment consequently determines
the active power output of the unit. Additionally, the cavitation number under each load
scenario is regulated by modifying the static pressure at the outlet. The mathematical
definition of this coefficient is expressed as follows:

Pout*Pv _ HS

The outlet pressure of the draft tube is given by P,y (in Pa), and the suction head of
the turbine is Hy; = 1 m. The operating head H is 50 m, while P, is the saturated vapor
pressure at 25 °C, which equals 3540 Pa.

Table 2. Operational parameters of the pump-turbine under representative conditions.

Load Level Flow Rate (m3/s) Guide Vane Opening (°) Head (m) Cavitation Number

] 0.432 25 50 0.09
70%Pr 0.432 225 50 0.06
. 0.548 30.6 50 0.09
90%Pr 0.548 30.6 50 0.06
) 0.625 37.3 50 0.09
100%Pr 0.625 373 50 0.06

Figure 3 illustrates the geometric model of the pump-turbine shaft system. The com-
putational solid domain comprises the main shaft, the thrust bearing, the upper and lower
guide bearings, the turbine guide bearing, the generator rotor, and the runner. This struc-
tural assembly undergoes a rational simplification for the numerical analysis. Specifically,
only the rotating components physically attached to the main shaft are retained in the 3D
modeling. Furthermore, the physical supporting effects of the actual bearings on the global
shaft system are equivalently represented. Appropriate boundary constraints are applied di-
rectly to the corresponding bearing surfaces based on their equivalent stiffness coefficients.
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upper guide bearing thrust bearing runner

generator rotor  lower guide bearing turbine guide bearing

Figure 3. Three-dimensional (3D) model of the pump-turbine shaft system.

Unstructured meshes are generated for the solid domain using the integrated meshing
tool within ANSYS Workbench 2022 R1. Figure 4 displays the corresponding mesh topology.
Because the runner blades serve as the fluid—structure interaction interface to transfer
pressure data between the fluid and solid domains, local mesh refinement is implemented in
the runner section. Similarly, the mesh density around the bearings is locally increased since
these components represent the critical locations for monitoring shaft system displacements.
Following a mesh independence validation, the final total element count for the solid model
is established at approximately 0.6 million.

Figure 4. Mesh of the solid domain.

The one-way transient FSI analysis is performed using the ANSYS Workbench 2022
R1 platform. This numerical procedure couples three core modules: Fluent, Transient
Structural, and System Coupling. Radial vibrations of the shaft are restricted by three guide
bearings. These mechanical boundaries are simulated by applying ‘Bearing Connections’
directly to the corresponding surfaces. Specifically, the radial stiffness values for the turbine,
lower, and upper guide bearings are defined as 1.2 x 10 N/m, 3.5 x 10 N/m, and
4.7 x 107 N/m, respectively. In contrast, the thrust bearing is responsible for suppressing
axial vibrations. This constraint is introduced via ‘Spring Connections’” with a specified
axial stiffness of 3.0 x 10° N/m. In addition, the damping coefficient for each guide
bearing is set to 1% of the stiffness coefficient. For the remaining structural conditions,
the rotational speed of the assembly is fixed at 1500 rpm, and a constant gravitational
acceleration of 9.8066 m/s? is activated. Finally, the runner blades are explicitly designated
as the FSI data-exchange interfaces. This configuration guarantees the precise transmission
of hydrodynamic pressures from the fluid domain to the solid structure.
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3.2. Numerical Simulation Verification

The mesh resolution significantly influences the reliability of CFD simulations. An
excessively dense mesh incurs prohibitive computational costs. Conversely, an overly
coarse mesh compromises numerical accuracy. Therefore, an optimal element count must
be determined to balance computational efficiency and simulation fidelity. Seven distinct
meshing schemes are evaluated to perform the mesh independence test. Table 3 lists
the specific element counts for each scheme. Numerical simulations under the design
operating condition are independently conducted for all configurations. Figure 5 presents
the verification results. The internal flow rate stabilizes at approximately 634 L/s once
the total mesh count reaches 4.51 million. This specific resolution successfully meets the
precision requirements while conserving computational resources. Consequently, the mesh
containing 4.51 million elements is finalized for the formal computations. With Scheme
6 chosen for the subsequent simulations, the mean y* values on both the runner blades
and the guide vanes are kept well below 30. This near-wall mesh distribution satisfies the
theoretical requirements of the adopted turbulence model. In all other fluid regions, the
maximum y* value does not exceed 80.

Table 3. Mesh schemes.

Scheme 1 2 3 4 5 6 7

Mesh count (x10°) 1.52 2.01 2.58 3.15 3.87 4.51 6.02

635 -

630

625

620

flow rate (1/s)

615

610

mesh count (x10°)

Figure 5. Mesh independence validation.

A time step independence test is conducted to ensure the reliability of the transient
results. Specifically, the pressure fluctuations in the vaneless space are compared under the
70% load condition. Three distinct time step sizes are evaluated: 2 x 107*s,4 x 10~ s, and
6 x 10~* s. Figure 6 displays the corresponding comparative results. The overall transient
trends remain highly consistent across all three cases. However, a smaller time interval
yields superior accuracy in capturing the peak fluctuation values. Consequently, the final
time step is strictly set to 2 x 10~*s. This temporal resolution corresponds to approximately
1.8° of runner rotation. During the actual unsteady simulations, an initial time step of
6 x 10™* s is applied to accelerate the early flow development. Once the macroscopic flow
field stabilizes, the time step is refined to 2 x 10~* s for the formal computations.
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554,400 F

2x10™* s
547,200 | 4x10™ s

6x107*s

540,000
532,800
525,600

518,400 |

pressure (Pa)

511,200

504,000

496,800 -

t(s)

Figure 6. Time step independence verification.

The numerical results across various power loads are systematically compared with
experimental data to validate the accuracy of the CFD simulations. Figure 7 illustrates this
comprehensive comparison. The predicted efficiency trend aligns consistently with the
experimental measurements. Generally, the numerically calculated efficiency is marginally
lower than the experimental value. However, the maximum relative error remains strictly
confined within 1%. Furthermore, the pressure fluctuation characteristics within the vane-
less space and the draft tube are rigorously validated. The 70% load condition is specifically
selected for this transient verification. Figure 8 presents these detailed comparative re-
sults. Specifically, the top and bottom rows correspond to the experimental and numerical
data, respectively. A detailed spectral comparison reveals that the predicted dominant
frequencies at the monitoring points are slightly higher. Nevertheless, they still exhibit a
satisfactory agreement with the experimental measurements. In conclusion, the numerical
predictions agree favorably with the experimental data, thereby confirming the reliability
and rationality of the adopted numerical methodology.

—=— Experiment
—e— Simulation

efficiency (%)

=] =] o °
=] o (=] p—
T T T T

=]
=2
T

86 -

1 L 1 L 1 L 1

70 80 90 100 110

Load (%)

Figure 7. Comparison of experimental results and numerical simulation results.
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Figure 8. Comparison between the numerical and experimental pressure fluctuations: (a) Vaneless
space; (b) Draft tube.

4. Results and Discussion
4.1. Flow Field Characteristics in the Draft Tube

Figures 9-11 illustrate the pressure contours and streamline distributions on the
XZ cross-section (Y = 0 m) of the draft tube under various operating conditions. As
observed in Figure 9, the internal flow field exhibits a highly unstable state under the
70% load condition. Focusing initially on the streamline patterns, extremely complex and
distorted flow structures emerge within the straight cone section. Specifically, multiple
closed streamline configurations appear in the central region. Subsequent examination
of the pressure contours reveals a massive low-pressure zone within this straight cone
area. Notably, this low-pressure core undergoes an eccentric displacement along the axial
direction. Furthermore, a comparison of the flow patterns across different cavitation
numbers reveals a distinct trend: the total spatial extent of the low-pressure zone expands
significantly as the cavitation number decreases.

Pressure [kPa) Velocity [ms]

0=0.09

0=0.06

Figure 9. Pressure and streamline distributions on the ZX plane at 70% load.
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Figure 10. Pressure and streamline distributions on the ZX plane at 90% load.

0=0.06

-1
Pressure [kPa] [ms™]
35 216 398 579 760 15
0=0.09

0=0.06

h
g
S

Figure 11. Pressure and streamline distributions on the ZX plane at 100% load.

At the 90% load condition, the unit operates near its optimal efficiency point. Con-
sequently, the internal flow field remains highly stable. As depicted by the streamline
patterns in Figure 10, the fluid within the straight cone section follows extremely smooth
axial trajectories. No obvious flow blockage zones are observed. However, localized flow
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deflection and separation phenomena occur near the inner wall of the elbow section where
the fluid changes direction. This is primarily attributed to the significant inertial forces act-
ing on the high-speed fluid as it navigates the curved boundary, which inevitably triggers
flow separation. An examination of the corresponding pressure contours indicates that the
minimum pressure for this specific case is approximately 17.5 kPa. Overall, the pressure
distribution throughout the straight cone section is remarkably uniform. Only a slender
low-pressure band emerges in the central core of the straight cone. Concurrently, a minor
low-pressure pocket forms exactly at the flow separation region. As the cavitation number
decreases, the macroscopic stability of the flow field remains entirely unaffected. Although
the global pressure values drop accordingly, they consistently stay well above the critical
vaporization pressure.

Figure 11 depicts the flow field distributions within the draft tube under the 100% load
condition. Based on the streamline patterns, the entire straight cone section is dominated by
a high-speed downward axial flow. Furthermore, the streamline deflection and detachment
near the inner wall of the elbow section become markedly more severe. This indicates that
a significantly more pronounced flow separation phenomenon occurs in this specific region.
An examination of the pressure contours reveals a straight, columnar low-pressure zone
exactly in the center of the flow field. This distinct core structure penetrates the entire length
of the straight cone section. However, unlike the eccentric low-pressure region observed
under the 70% load condition, this entire zone exhibits a high degree of structural symmetry.
Moreover, it extends continuously down to the bottom of the draft tube. A subsequent
comparison across different cavitation numbers reveals an additional characteristic. As
the cavitation number decreases, the central columnar low-pressure zone undergoes a
discernible radial expansion.

To further investigate the morphological variations of the vortex rope within the draft
tube, the second-generation vortex identification method, specifically the Q-criterion, is
employed. The Q-criterion is then used to capture the spatial-temporal development of the
vortex rope in the draft tube under different operating and cavitation conditions. For these
three-dimensional visualizations, the corresponding iso-surface value of the Q-criterion is
precisely defined as 3000 s~2. The Q-criterion identifies vortex core structures by detecting
regions where the square of the modulus of the rotation tensor (Q) is greater than the square
of the modulus of the strain rate tensor (S). This method is more effective for extracting
coherent structures in the wake vortices of water pipes. The specific formula is as follows:

Q=3 (1o - 1s1?) a1

Figure 12 presents the velocity vector distributions and the spatiotemporal evolution
of the vortex rope within the draft tube under the 70% load condition. Regarding its
spatial morphology, a prominent helical vortex rope is generated inside the draft tube. This
phenomenon is primarily driven by the intense residual swirl discharging from the runner
exit. By observing a complete period from time T1 to T5, it is evident that this eccentric
helical vortex rope undergoes periodic rotation and stretching motions. Furthermore, a
comparison of the vortex evolution across varying cavitation numbers reveals a critical
mechanism. The occurrence of cavitation actively promotes the development and kinemat-
ics of the vortex rope. Consequently, the overall structure of the vortex rope experiences a
distinct volumetric expansion.
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Figure 12. Draft tube velocity vectors and vortex rope evolution at 70% load.

Figure 13 illustrates the velocity vectors and the evolution of the vortex rope in the
draft tube at the 90% load condition. Since the unit operates near its optimal efficiency
point, the residual swirl of the flow discharging from the runner exit is extremely minimal.
Consequently, the vortex rope manifests as a slender, straight conical structure. Throughout
the entire evolution cycle, the axial length of the vortex rope remains largely constant. The
structure merely undergoes a periodic rotation around the centerline of the draft tube.
Furthermore, an observation of the evolution process across various cavitation numbers
reveals that both the morphology and length of the vortex rope are virtually unaltered.
This demonstrates that cavitation exerts a negligible influence on the vortex rope under
this specific operating condition.
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Figure 13. Draft tube velocity vectors and vortex rope evolution at 90% load.

Figure 14 presents the velocity vectors and the evolution of the vortex rope in the draft
tube under the 100% load condition. As observed from the vortex structures, an increase in
the guide vane opening leads to a higher flow rate. Consequently, the fluid discharging
from the runner exit regains a substantial residual swirl. This hydrodynamic shift causes
the previously slender vortex rope, which was observed at the 90% load, to expand rapidly.
It ultimately develops into a robust, straight conical vortex structure. Throughout the entire
evolution cycle, this vortex rope not only rotates around the draft tube centerline but also
experiences periodic elongation and contraction in its axial length. Notably, due to the
augmented flow rate and the correspondingly high axial velocity, this vortex rope does
not rupture within the elbow section—a phenomenon previously observed under the 70%
load condition. Instead, it extends continuously deep into the elbow passage. Finally, a
comparison across various cavitation numbers indicates that a lower cavitation number
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moderately increases both the length and volume of the vortex rope. However, because the
vortex rope consistently rotates strictly around the centerline, this volumetric expansion
does not trigger any macroscopic flow instability.

o=0.09 .

0=0.06 .

L il T2 T3 T4 T5

Figure 14. Draft tube velocity vectors and vortex rope evolution at 100% load.

The preceding section utilizes the Q-criterion to illustrate the draft tube vortex rope
structures under various operating loads. To further explore the intensity and spatial distri-
bution of the cavitation phenomenon, this study identifies the three-dimensional cavitation
vapor pockets within the draft tube via iso-surfaces defined by a vapor volume fraction of
0.1. Figure 15 presents the three-dimensional cavitation vapor morphologies within the
draft tube under various loads and cavitation numbers. Regarding the 70% partial load
condition, no cavitation inception is observed within the straight cone section under the
high cavitation number; however, as the cavitation number decreases to 0.06, a substantial,
irregularly shaped cavitation vapor cavity emerges, whose structural irregularity is pre-
cisely driven by the previously discussed eccentric helical vortex rope. Upon transitioning
to the 90% load condition, no discernable cavitation vapor pockets are captured inside the
draft tube under either cavitation number. This outcome highlights that the internal flow
remains exceptionally smooth with no pronounced low-pressure zones, confirming that the
unit operates at its optimal hydraulic stability across all evaluated scenarios. Finally, exam-
ining the 100% rated load condition, the cavitation phenomenon reoccurs within the draft
tube as the load increases; nevertheless, the morphology of the cavitation vapor pockets
exhibits a high degree of symmetry. Under this 100% load condition, the cavitation vapor
pocket manifests as a slender, straight conical core extending continuously downstream
along the central flow path, which undergoes a distinct radial expansion as the cavitation
number drops.

0=0.09

0=0.06

70%Pr 90%Pr 100%Pr

Figure 15. Distribution of cavitation vapor volume within the draft tube under various operating

conditions.
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Based on the analysis of the internal flow field within the draft tube in this section,
it is found that under the 70% partial load condition, an eccentric helical vortex rope is
formed due to the influence of the residual swirl at the runner exit and the shed vortices.
Consequently, both the pressure field and streamline patterns exhibit extreme asymmetry.
When the unit operates at the 90% load condition, the internal fluid manifests as an
exceptionally smooth axial discharge; however, a slight flow separation phenomenon
occurs near the inner wall of the elbow section. With a further increase in the flow rate,
a symmetric columnar low-pressure zone emerges at the center of the draft tube under
the 100% load condition, extending continuously into the elbow section. Concurrently,
the flow separation phenomenon becomes notably more severe as the high-speed fluid
navigates through the elbow passage. Across all evaluated load conditions, a reduction in
the cavitation number consistently induces a certain degree of volumetric expansion in the
vortex rope.

4.2. Pressure Fluctuation Characteristics in the Draft Tube

The temporal fluctuations in flow pressure significantly influence the structural load-
ing characteristics of the runner and the vibration behaviors of the shafting system in a
pump-turbine. Consequently, this section employs the Fast Fourier Transform (FFT) to
process the raw pressure fluctuation data, aiming to analyze the time—frequency charac-
teristics of the unit. The spatial distribution of the pressure monitoring points throughout
the entire flow passage is illustrated in Figure 16. A total of 10 monitoring points are
arranged upstream of the runner, all of which are situated on the XY plane at Z = 0 m.
Specifically, monitoring points V1 to V3 are located within the volute region, GV1 to GV4
are distributed across the stay vane and guide vane regions, and VL1 to VL3 are positioned
inside the vaneless space between the runner and the guide vanes. Within the draft tube
region, monitoring points DT1 to DT4 are deployed, where DT1 and DT2 are located on a
cross-sectional plane near the draft tube inlet, while DT3 and DT4 are situated on another
plane within the elbow section.

*Vvi

DT2 *DT1
*Gvi b

°GV2 oT3
VL3 oVL1 V2 e

°
°GV4 DT4

VL2
*GV3

Figure 16. Pressure fluctuation monitoring point distribution.

To reduce errors inherent in pressure data itself, this section introduces the pressure
difference P* and the dimensionless number C, to characterize the transient pressure
fluctuation characteristics at each monitoring point.

P* = Pi — Pave (12)

Cp=p"/pgH

(13)
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In the equation, P; represents the measured pressure value at each time step, Page
denotes the average of the measured pressure values, p is the density of water, g is the
gravitational acceleration, and H is the head of 50 m.

The frequency-domain spectra for the respective monitoring points are obtained by
performing the FFT on the dimensionless pressure fluctuation coefficient, Cp. In the present
FFT analysis, the sampling interval is set equal to the time step of the numerical simulation,
namely 2 X 10~% s, which is equivalent to approximately 1.8° of runner rotation. The
total sampling duration spans 2.5 s after the pump-turbine operation achieves a stable
state, encompassing 60 complete runner revolution cycles. These sampling parameters are
thoroughly sufficient to capture both the high-frequency pressure fluctuations induced by
rotor-stator interaction (RSI) and the low-frequency pulsations triggered by the draft tube
vortex rope.

To facilitate the comparative analysis of the pressure fluctuation plots, identical scale
ranges are consistently applied to the subsequent figures. The fundamental runner rotation
frequency, denoted as fn in the frequency-domain spectra, is 25 HZ.

The pressure fluctuations captured at the monitoring points inside the draft tube
are presented in Figure 17 in both time and frequency domains for the 70% load case
with different cavitation numbers. As observed from the spectra, under high cavitation
number conditions, the dominant frequency at all monitoring points is 0.3f,,. This specific
frequency corresponds to the typical rotational frequency of a draft tube vortex rope.
Conversely, when the unit operates under low cavitation number conditions, the time-
domain waveforms exhibit more severe periodic distortions, accompanied by a significant
increase in amplitude. In the frequency domain, the dominant frequency of the vortex rope
shifts downward to 0.1f,, and a series of other complex low-frequency pulsation clusters
emerge concurrently. This phenomenon demonstrates that the occurrence of cavitation
induces a volumetric expansion of the vortex rope, which slows down its rotational speed
and consequently reduces its characteristic frequency. Additionally, it is noteworthy that
both the time-domain and frequency-domain fluctuations at monitoring point DT3, situated
near the inner wall of the draft tube elbow section, are markedly more intense and complex
than those at the other monitoring points. This discrepancy is likely attributable to the
localized flow separation phenomenon occurring in this region.
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Figure 17. Draft tube pressure fluctuations in time and frequency domains at 70% load.
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The pressure fluctuations captured at the monitoring points inside the draft tube are
presented in Figure 18 in both time and frequency domains for the 90% load case with
different cavitation numbers. As the operating load approaches the optimal efficiency point
and the vortex rope weakens, the pressure fluctuations inside the draft tube gradually
become quiescent. Under high cavitation number conditions, the time-domain waveforms
at all monitoring points tend to be smooth and flat, while the corresponding frequency-
domain spectra remain virtually featureless, with no distinct peaks. Conversely, for the
low cavitation number conditions, minor low-frequency components re-emerge in the
frequency-domain spectra.
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Figure 18. Draft tube pressure fluctuations in time and frequency domains at 90% load.

The pressure fluctuations captured at the monitoring points inside the draft tube are
presented in Figure 19 in both time and frequency domains for the 100% load case with
different cavitation numbers. The time—frequency characteristics under this operating
condition exhibit a highly comparable trend to those of the preceding case (90% load),
with only a minor incremental increase in the pulsation amplitude. Combined with the
internal flow field analysis presented in the previous section, the expansion and contraction
of the straight conical vortex rope likewise generate low-frequency pressure fluctuations.
However, compared to the 70% partial load condition, the resulting pulsation amplitude
remains remarkably small.

In summary, the analysis of the time—frequency characteristics elucidates the evolution
patterns of pressure fluctuations within the draft tube. Under the 70% partial load condition,
the dynamic motion of the eccentric vortex rope inside the draft tube generates highly
intense low-frequency pressure pulsations. This low-frequency disturbance propagates
upstream, directly influencing various regions of the flow passage. Conversely, under
the 90% load condition near the optimal efficiency point, the internal flow field exhibits
exceptional hydraulic stability. For the 100% rated load condition, although low-frequency
pulsations are likewise generated within the draft tube, their overall amplitude levels are
substantially mitigated.
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Figure 19. Draft tube pressure fluctuations in time and frequency domains at 100% load.

4.3. Structural Loading Characteristics of the Runner

The structural loading characteristics of the runner are intimately correlated with the
energy conversion processes of the pump-turbine, directly determining the operational
stability of the unit. Consequently, this section conducts an in-depth analysis of the runner
loading characteristics. To minimize the inherent errors associated with the raw data,
this section introduces the hydraulic exciting force difference, denoted as F*, and the
dimensionless force coefficient, Fr, to characterize the fluctuation features of the transient
hydraulic exciting forces:

F*:Fi_Fave (14)
Fr = F*/Fye (15)

Figures 20 and 21 illustrate the frequency-domain spectra of the radial force under
different load conditions. As observed from the spectra, the dominant frequency of the
radial force under the 70% partial load condition is characterized by a low-frequency com-
ponent, accompanied by the blade passing frequency (9f;) and its higher harmonics. This
dynamic loading characteristic of the runner strictly corroborates the previously discussed
internal flow field findings. As the unit shifts to the 90% load condition, the magnitude
of the low-frequency component within the radial force spectrum decreases substantially;
consequently, the dominant frequency manifests as a high-frequency component with a
relatively low amplitude. Furthermore, examining the frequency-domain spectrum under
the 100% load condition reveals that the dominant frequency remains governed by the
blade passing frequency and its higher harmonics. Finally, a cross-sectional comparison of
the radial loading behaviors indicates that a reduction in the cavitation number consistently
exacerbates the fluctuation severity of the runner forces, while simultaneously inducing
the emergence of low-frequency components across all evaluated operating conditions.
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Figure 20. Frequency-domain spectra of runner X-direction forces under different loads.
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Figure 21. Frequency-domain spectra of runner Y-direction forces under different loads.

Subsequently, the stress characteristics of the runner blades are analyzed. Figure 22
illustrates the von Mises equivalent stress contours on the pressure side (PS) and suction
side (SS) of the runner blades under the 70% load condition across varying cavitation
numbers, with the left and right columns representing the PS and SS distributions, respec-
tively. As observed from the contours, for both the PS and SS, the high-stress zones are
consistently concentrated at the blade root regions, specifically at the junctions where the
leading and trailing edges intersect with the crown and band. Comparing the loading
conditions on both sides of the blade reveals that, under identical operating conditions,
the stress exacerbation severity on the suction side is remarkably higher than that on the
pressure side. Furthermore, the occurrence of cavitation significantly elevates the peak
stress values under this specific operating condition.
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Figure 22. Blade surface stress distributions under the 70% load condition.

Figure 23 illustrates the von Mises equivalent stress contours on the pressure side and
suction side of the runner blades under the 90% load condition across varying cavitation
numbers. As observed from the contours, the spatial locations of the high-stress zones
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remain unaltered. However, it is noteworthy that when the cavitation number decreases
under this specific operating condition, a phenomenon contrary to the tendency observed in
the preceding case occurs; specifically, the peak stress values of the runner blades experience
a distinct reduction.
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Figure 23. Blade surface stress distributions under the 90% load condition.
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Figure 24 illustrates the von Mises equivalent stress contours on the pressure side
and suction side of the runner blades under the 100% load condition across varying
cavitation numbers. As observed from the contours, the stress concentration severity under
this operating condition is mitigated to a certain extent. However, consistent with the
observations at the 90% load, a lower cavitation number still corresponds to reduced peak
stress levels on the blade surfaces. The reoccurrence of this phenomenon demonstrates that
under higher load conditions, the onset and development of cavitation exert a beneficial
mitigating effect on blade stresses. This may be because when the local pressure drops to
the vaporization pressure, it becomes locked in place and cannot decrease any further. This
limits the maximum pressure difference between the pressure side and the suction side of
the blade, thereby directly reducing the peak stresses in the blade.
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Figure 24. Blade surface stress distributions under the 100% load condition.

4.4. Vibration Characteristics of the Shafting System

Figure 25 illustrates the shaft orbit trajectories and displacement frequency-domain
spectra at the turbine guide bearing under the 70% load condition across varying cavitation
numbers. As observed from the spectra, the fundamental rotation frequency, f,, consis-
tently maintains a dominant position, demonstrating that mass eccentricity and hydraulic
asymmetry of the shafting system constitute the primary components of shaft vibrations.
Under high cavitation number conditions, the geometric shape of the shaft orbit trajectory
exhibits an irregular, approximate elliptical profile. Conversely, as the cavitation number
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decreases, the trajectory path becomes increasingly chaotic, accompanied by a discernible
increase in displacement magnitude. Additionally, a distinct drift in the orbit trajectory is
observable, with the entire trajectory positioning shifting toward the positive directions of
both the X- and Y-axes. Furthermore, examining the frequency-domain spectra reveals that
low-frequency peaks emerge in both the X- and Y-direction plots under both cavitation con-
ditions, which precisely correspond to the previously identified low-frequency components
within the draft tube. Although the amplitudes of these low-frequency components remain
relatively low compared to the fundamental rotation frequency, the coexistence of such
composite frequencies inevitably exacerbates the structural degradation of the shafting
vibration state.

-
N
-
EN

X (pm)

(b)

Figure 25. Shaft orbits and displacement spectra at 70% load: (a) o = 0.09; (b) o = 0.06.

Figure 26 illustrates the shaft orbit trajectories and displacement frequency-domain
spectra at the turbine guide bearing under the 90% load condition across varying cavitation
numbers. As observed from the displacement spectra, the fundamental rotation frequency,
fn, consistently maintains a dominant position under all evaluated cavitation conditions,
with low-frequency pulsation components being virtually non-existent. Correspondingly,
examining the shaft orbits reveals that the high cavitation number condition exhibits a
highly standardized, regular elliptical geometry. Conversely, under the low cavitation
number condition, the shaft orbit experiences a slight dilation and overlap phenomenon,
though the overall trajectory remains fundamentally ordered. Concurrently, the displace-
ment magnitude further diminishes under this load, yielding the lowest vibration levels
among all evaluated operating conditions. Furthermore, the orbit trajectories exhibit mini-
mal orbital drift, demonstrating the exceptional operational stability of the entire shafting
system. This dynamic behavior highlights the highly stable internal flow field under the
90% load condition, where the draft tube vortex rope manifests as a slender, straight conical
core that exerts a negligible impact on the radial vibrations of the unit.
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Figure 26. Shaft orbits and displacement spectra at 90% load: (a) o = 0.09; (b) o = 0.06.

Figure 27 illustrates the shaft orbit trajectories and displacement frequency-domain
spectra at the turbine guide bearing under the 100% load condition across varying cavi-
tation numbers. The dominant frequency in the displacement spectra remains governed
by the fundamental rotation frequency, f;, with no distinct low-frequency components
observed. Although the preceding internal flow field analysis indicates the existence of
low-frequency pulsations within the draft tube under this operating condition, their impact
on the radial vibrations remains minimal due to their extremely low amplitudes and the
straight conical morphology of the vortex rope. Consequently, the shaft orbit trajectories
under this specific load condition still maintain a regular elliptical shape. However, the
displacement magnitude exhibits a certain increase compared to the preceding case (90%
load), which is primarily attributable to the corresponding elevation in the flow rate and
output power. Conversely, the occurrence of cavitation exerts a negligible influence on the
overall vibration characteristics under this operating condition.

The preceding investigation has elucidated the vibration characteristics of the shaft-
ing system under fixed structural stiffness parameters, identifying the 70% partial load
condition as the most severe operating scenario regarding shaft vibrations. To further
clarify the dynamic capability of each support bearing in resisting fluid-induced exciting
forces, this section conducts a sensitivity analysis concerning the radial support stiffness of
the shafting system. Utilizing the 70% load condition with a low cavitation number and
the 100% load condition with a low cavitation number as the baseline cases, the control
variable method is implemented to sequentially adjust the equivalent radial stiffness of
the three primary bearings, namely the upper guide bearing, the lower guide bearing,
and the turbine guide bearing. Specifically, Cases 1 and 2 represent a 50% decrease and
a 50% increase in the stiffness of the upper guide bearing, respectively; Cases 3 and 4
correspond to a 50% decrease and a 50% increase in the stiffness of the lower guide bearing,
respectively; and Cases 5 and 6 denote a 50% decrease and a 50% increase in the stiffness of
the turbine guide bearing, respectively.
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Figure 27. Shaft orbits and displacement spectra at 100% load: (a) o = 0.09; (b) o = 0.06.

Figure 28 statistically presents the relative change rates of the shaft runout values for

the six groups of altered stiffness cases relative to the baseline cases under both the 70%
and 100% load conditions. As observed from the diagram, under both the 70% and 100%
load conditions, reducing the stiffness of the turbine guide bearing results in a substantial

growth in the shaft runout along both the X- and Y-directions, with the maximum relative

change rate reaching approximately 100%. Conversely, increasing the stiffness of the turbine
guide bearing decreases the shaft runout by 30% to 40% under both operating conditions.
Except for Case 3 under the 70% load condition, the relative change rates of the shaft runout
induced by the stiffness variations of the upper and lower guide bearings are remarkably

weak, remaining essentially within the engineering error margin.
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Figure 28. Comparison of shaft runout change rates under varying stiffness conditions: (a) 70% load;

(b) 100% load.
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5. Conclusions

This study systematically investigates the runner dynamics and shafting vibration
characteristics of a pump-turbine across various operating loads and cavitation numbers
based on a fluid—structure interaction approach. Following a comprehensive evaluation
of the internal flow structures, pressure pulsations, and structural responses, the primary
conclusions are summarized as follows:

(1) The morphology of the draft tube vortex rope is highly dependent on the operating
load, which directly dictates the frequency-domain characteristics of the flow field
pressure pulsations. Under the 70% partial load, the residual circulation creates an
eccentric helical vortex rope that induces intense low-frequency pressure pulsations at
a dominant frequency of 0.3f,, which further shifts downward to 0.1f, due to cavitation
expansion. In contrast, under the 90% and 100% load conditions, the vortex rope
manifests as a symmetric, straight conical structure rotating around the centerline,
restricting the resulting low-frequency pulsation amplitudes to a minimal level.

(2) The structural loading behaviors and dynamic stress distributions of the runner
blades are intimately correlated with the localized flow patterns. Under the 70%
load condition, the occurrence of cavitation elevates the peak stress values of the
blades. Conversely, under the 90% and 100% load conditions, a reduction in the
cavitation number consistently leads to a distinct reduction in the blade surface peak
stress magnitude.

(8) The dominant frequency of the shafting radial vibrations is governed by the funda-
mental rotation frequency, f,;, though its macroscopic stability is heavily modulated by
the downstream hydraulic excitations. Under the 70% load condition, the upstream
propagation of the draft tube low-frequency pulsations leads to chaotic shaft orbits
and pronounced directional drifts at the turbine guide bearing, whereas regular ellip-
tical trajectories with minimal drift are maintained under the 90% and 100% loads.
Furthermore, stiffness sensitivity analysis reveals that the relative change rates of the
shaft runout are exceptionally sensitive to the equivalent radial stiffness of the turbine
guide bearing.
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