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performance and dynamics of a pump-turbine operating under 80% partial load,
focusing on the formation and impact of vortex ropes. Large Eddy Simulation (LES) was
utilized to model the turbulent flow, revealing complex patterns and significant
pressure fluctuations. A pronounced straight vortex rope was identified in the draft
tube, maintaining its trajectory and core size consistently, profoundly affecting flow
characteristics. Pressure fluctuations were observed at various cross-sectional planes,
with peaks and troughs primarily near the runner, indicating areas prone to instability.
The standard deviation of pressure fluctuations ranged from 4.51 to 5.26 along the
draft tube wall and 4.27 to 4.97 along the axial center, highlighting significant unsteady
flow. Moreover, the frequency corresponding to the highest amplitude in pressure
coefficient spectrographs remained consistent at approximately 9.93 to 9.95,
emphasizing the persistent influence of vortex rope dynamics. These dynamics
affected power generation, which was approximately 29.1 kW, with fluctuations
accounting for about 3% of the total generated power, underscoring the critical impact

Keywords: of vortex rope formation on the performance and operational stability of pump-
Numerical study; large-eddy simulations;  turbines under off-design conditions. This study provides essential insights vital for
pressure oscillation; partial load; pump- enhancing the design and operational strategies of these turbines, ensuring more
turbine: vortex rope; unsteady flow efficient and reliable energy production in the face of increasing power demands.

1. Introduction

The present power advancement is oriented towards an extensive penetration of renewable
power resources in the electrical grid. Using the new energy sources will undoubtedly boost the
stochastic part of the electrical power manufacturing, which might lead to unwanted voltage
variations and harmonic distortion in the network, potentially threatening the stability of the
electrical supply. To guarantee a secure electricity supply, the equilibrium between power generation
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and usage needs to be ensured all the time. Since hydro turbines produce electricity rapidly, reliably,
and with high quality, Francis, Kaplan, and Pump turbine units have the demand to enhance the
operation regime flexibility, during load acceptance and rejections [1-5], to achieve a fast response
time to the changing in the electric power consumptions. However, due to the inherent structural
characteristics of the Francis turbine, unsteady swirling flows occur at the off-design conditions which
limit the operating range of the turbine. Unfortunately, partial load operating conditions cause the
incident of undesirable flow phenomena such as draft tube vortices, vortex shedding, and cavitation,
which create large pressure oscillations and reveal the units to the threats of structural damage [6—
11]. Thus, it is required to check and evaluate the state of turbines and take targeted measures to
enhance the stability of the unit.

At partial load operating conditions, the flow field in hydro turbines becomes unstable in the draft
tube causing the vortex rope formation [12-14]. Various flow instabilities like stagnant point,
recirculation region, and flow separation are assumed as the origins of rotating vortex rope creation
[15-17]. This leads to reductions in the overall efficiency of the turbine unit. Furthermore, the
complex interaction between the guide vanes and the runner introduces an output torque oscillation
as well as asymmetric and unsteady forces on the surfaces of the blades [18-21]. A strong vortex
rope precession easily visualizes inside the draft tube under off-design operating regimes [22-25].
The vortex rope has a very unsteady nature, and its form can be significantly altered over time
[26,27]. Skripkin et al.,[28] studied the dynamics of the vortex rope and its trajectory in one
revolution of precession for different flow rate amounts. The amplitudes of the pressure pulsations
were highly dependent on the trajectory as well as the strength of the vortex rope [29]. The helical
motion of the vortex rope is associated with a high amplitude, low-frequency pressure fluctuations
[30-34].

The characteristics of the vortex rope and the physics behind its formation were investigated
during the load variation [35]. Four various flow regimes with different features were recognized.
First, at the optimal load condition, the flow regime is a stable swirling structure. The initial indicators
of flow instabilities show up immediately at the beginning of the transition from the best efficiency
point to partial load operating condition. With high load rejection, the flow becomes more
instabilities and creates the vortical structures in the draft tube. The fourth flow regime is the
presence of an established rotating vortex rope occurring at a certain point according to the size and
shape of the unit. The effect of load variation on the pressure fluctuations applied on a Kaplan turbine
runner was also investigated [36—38]. The vortex rope precession produces pressure pulsations in
the axial and rotating directions known as plunging and rotating modes, respectively. The plunging
mode induced flow oscillation throughout the entire turbine conduit, while the rotating mode
resulted in local pressure fluctuations. The formation of the vortex rope is due to significant pressure
differences on the suction side of the blade, resulting in pronounced penstock vibrations and
noticeable fluctuations in output power [39-42].

A numerical study was carried out to deeply investigate the vortex rope movement and
associated pressure pulsation during its development inside a Francis turbine [43]. In general, two
modes of revolutions with the same rotating direction can be recognized. The first is a revolution
around the axis of the draft tube center, and the second mode is a revolution around the core of the
vortex rope. The elliptical-shaped vortex rope causes synchronous and asynchronous pressure
fluctuations inside the draft tube [44]. To our knowledge, prior research has not used high-fidelity
Large Eddy Simulations (LES) to explore the impact of vortex ropes on flow-induced pressure
fluctuations and the power performance of pump turbines [45]. In this study, a complex three-
dimensional turbulent flow throughout the whole flow passage of a pump-turbine operating in a
turbine mode is simulated using a high-fidelity Large Eddy Simulation (LES) turbulence model. The
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pump-turbine is utilized at off-design load with 80% of the optimal flow rate, 0.16 m3/s. The
computational domain consists of three components: volute, runner blades, and draft tube. Several
probes are installed in the unit to observe pressure fluctuation inside the draft tube, which can help
to evaluate the unit stability. In the meantime, the frequencies corresponding to the highest
amplitude of the pressure fluctuation were identified using Fast Fourier Transformation (FFT).
Contours of velocity, vorticity, and iso-surfaces of Q-criterion are acquired within the draft tube and
on the runner blades. The overall purpose is to assess pump-turbine performance, efficiency, and
output power.

2. Mathematical Model and Numerical Method

Numerical simulations are performed using the finite volume discretization method. The
pressure-based segregated solver was used to solve the continuity and momentum equations
simultaneously. Simulations are conducted using the Segregated Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm with the Pressure Staggering Option (PRESTO) scheme adopted
for the pressure correction, as recommended for high-speed rotating flows [46]. The second-order
discretization schemes were used.

Large Eddy Simulation decomposes the turbulent flow into Grid-Scale (GS) eddies which are larger
than the grid size and Sub-Grid Scale (SGS) eddies which are smaller than the grid size. Large-scale
eddies ({(u), (p)) were resolved explicitly, while small eddies (i, p) were modeled by implementing
a subgrid-scale (SGS) model. The spatial filtering is applied to Navier-Stokes’s equations [47]:
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where (u;) = u; — i; is the filtered velocity vector. The overbar represents the filtering operator; p
is the resolved pressure, p is the fluid density. The second term in Eq. (2) is unknown quantities
named sub-grid shear stress.
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On the right side of Eq. (3), both first and second terms have almost the same values and the effects
of these two terms are normally neglected because they cancel out each other. The sub-grid shear
stress is modeled by the subgrid-scale (SGS) model using the Boussinesq hypothesis. The SGS
turbulent stress is calculated in the following equations [47]:

1 o(u;) a(uj>
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where §;; is the Kronecker delta, kggs is SGS turbulence kinetic energy and vgss is the SGS eddy

viscosity. Wall-adapting local eddy-viscosity (WALE)-SGS model is used to model the eddy viscosity
Vsgs- It is defined in the previous study [48].
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(Sy8i) ™" + (555
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Where L are the sub-grid scales mixing length, K is the von Karman constant, y is the first cell
thickness near the wall, the value of the WALE constant, C,, is 0.325, and the cell volume is V. The
eddy-viscosity will be nearly zero in areas close to walls without the application of any damping
function. The detailed description of the WALE model is documented by previous study [48].

3. Computational Domain and Meshing

The computational domain is intricately designed, consisting of a runner, a simplified volute, and
a straight-shaped draft tube, with the volute and draft tube serving as stationary subdomains and
the runner operating as a rotational subdomain. These components are interconnected through non-
conformal meshes, which are crucial for the exchange of flow variables at each iteration, thereby
enhancing the simulation precision and effectiveness. Detailed representations of the runner are
provided through both plane and meridional views in Figure 1, offering a comprehensive visual
understanding of its structure, while Table 1 meticulously lists the relevant dimensions and
specifications. The design of the runner blade is informed by previously reported data [49]. The
effects of turbine blade design on turbine performance are very crucial [50-55].
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Fig. 1. (a) Plane and (b) meridional view of the runner [49]

Table 1

Runner design variables [49]

Variable Description Value

AB Gate height 67.133 mm
ABy,p Blade wrap angle at the hub 74.729°
ABshroua Blade wrap angle at the shroud 34.304°
0. Leading-edge lean angle 88.697°
Org Trailing edge lean angle 37.669°

The three-dimensional representation of the pump-turbine system is depicted in Figure 2,
offering a detailed visualization of its components. The runner, detailed in Figure 2(a), comprises six
blades and has a diameter of D = 0.41m, while the total length of the draft tube extends to four times
the diameter (4D). To monitor pressure fluctuations, probes are placed along the wall and the center
of the draft tube domain, specifically labeled as A1-A9 and C1-C9 as illustrated in Figure 2(b). The
system operates at a volumetric flow rate of 0.16 m 3/s corresponding to 80% partial load. At the
main water inlet, the flow direction is 6° to the circumferential direction, with a total head of 31.6
m. A no-slip boundary condition is meticulously applied to the surfaces of both the runner and the
draft tube. The outflow boundary condition, ensuring a zero-gradient velocity normal to the surface,
is employed at the outlet. The runner rotation speed is precisely set at 1200 rpm. The Reynolds
number, calculated to be 1.06 x 107 according to the IEC 60193 Standard [56], follows the formula
Re = nnDrZef/(6Ov), where n is the rotation rate, D, is the reference blade tip diameter at the

hub, and v is the kinematic viscosity of the water (m?/s).
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Fig. 2. Comprehensive schematic of the computational domain: (a)
three-dimensional view of the pump-turbine unite (b) side view of the
draft tube (c) top view of the draft tube. Included are the locations of
pressure probes along the wall of the draft tube (A) and at the center
(C), as indicated in (b) and (c)

The mesh structure for the runner blades and the draft tube is meticulously illustrated in Figure
3, where the magnified images highlight the use of finer mesh at the edges of the blade and the draft
tube walls to accurately resolve near-wall turbulent flow structures. A total mesh density of 62 million
elements is employed across the simulation: 30 million mesh elements are dedicated to the runner
region, another 30 million to the draft tube, and the remaining 2 million to the volute domain. This
extensive meshing ensures a comprehensive and precise capture of fluid dynamics across the system.
Additionally, the mean y* , which is a crucial parameter for evaluating the adequacy of near-wall
mesh in turbulence modelling, is predicted to be approximately 5 along the surface of the runner

blade, indicating an effectively optimized mesh for capturing the intricate flow characteristics.
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(b)
Fig. 3. Detailed mesh configuration, show casing (a) the blade surface
and (b) the surfaces of the draft tube. Magnified images show the
detailed structure of the mesh near the edges

The power spectrum density (PSD) of the pressure coefficient signal is depicted in Figure 4. The
pressure signatures are acquired at the probe locations Al and C1 within the draft tube domain. The
power spectrum demonstrates a decay with a slope of approximately —5/3, indicating that the Large
Eddy Simulation (LES) model employed is adept at capturing both the temporal and spatial
characteristics of eddies and their complex interactions, as substantiated by references [57,58]. This
detail underscores the model proficiency in simulating the nuanced dynamics of turbulent flows.
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Fig. 4. Power spectral density (PSD) of the pressure coefficient signatures. Pressure signatures were
acquired at probes located (a) draft tube wall, and (b) draft tube center using a mesh density of 62 million.
The predicted PSD decay slope of -5/3 is indicated
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4, Results

Large Eddy Simulation (LES) simulations were conducted under an 80% partial load operating
condition, aiming to thoroughly characterize the complex turbulent flow dynamics within a pump-
turbine. This included detailed analyses of velocity and pressure fields in both the draft tube and
runner regions. Numerous probes were used to investigate flow-induced high-pressure fluctuations
throughout the draft tube. Probes were located at the center and on the draft tube wall. The velocity
and vorticity field presented are normalized by the reference blade tip diameter at the hub, mnD,.r /
60 and the rotation rate, mn / 60, respectively. The pressure field is presented as the pressure
coefficient:

P— Paverage (1 1)
pgH

Cp

Where H is the head of the turbine, g is the magnitude of the gravitational acceleration, and P, erqgeis
the average pressure.

Instantaneous contours of velocity, vorticity, and pressure and the iso-surfaces of Q-criterion in
the draft tube with 80% of the design flow rate are illustrated in Figure 5. Rendered at the turbine
14" revolution, the images reveal a prominent, straight vortex rope at the center of the draft tube.
This rope, originating from the runner region at the inlet of the draft tube, extends toward the outlet
with minimal or no dissipation, as depicted in Figure 5(c). The vortex rope maintains its straight
trajectory and uniform core size continuously to the draft tube exit, indicating its sustained strength
and stability throughout the draft tube. The constant cross-sectional area of the draft tube
significantly contributes in preserving the intensity of the vortex rope. Moreover, the presence of the
vortex rope profoundly impacts the spatial and temporal flow characteristics within this region,
manifesting as low pressure and high vorticity, particularly along the draft tube center as illustrated
in Figure 5(a) and Figure 5(d). The flow images further reveal a gradient in pressure, with low pressure
observed along the central axis and progressively increasing in the radial direction.

At the inlet of the draft tube, particularly near the blade region, there is a notable concentration
of small-scale eddies. As shown in Figure 5(a) and Figure 5(c), these vortex filaments wrap around
the vortex rope downstream and then rapidly dissipate further downstream. By the midpoint of the
draft tube, the vorticity filaments almost completely vanish. This high prevalence of both large and
small eddies near the draft tube entrance is a direct consequence of the highly turbulent flow
conditions originating in the blade region. This turbulence is primarily due to the conversion of the
high flow energy into dynamic energy by the rotating pump-turbine shaft, which results in a bulk flow
energy loss and the generation of eddies of varying lengths with energy higher than that of the
remaining flow. As these small vortices dissipate and turbulence diminishes in the stream-wise
direction away from the runner region, the density and intensity of these vortical structures decrease,
indicating a transition towards more stable flow conditions and the conversion of dynamic energy
into static energy throughout the draft tube. The interplay between the vortex rope, small-scale
vortical structures, and their mutual interactions within the draft tube significantly impacts flow-
induced high-pressure fluctuations and can induce harmful vibrations. Hydro turbines are susceptible
to cavitation instabilities. It is a well-documented phenomenon that cavitation often occurs within
the vortex rope inside the draft tube of hydro turbines, especially when operating under partial load
conditions, as noted in reference [59].

Elevated levels of vorticity are predicted near the central region of the draft tube, correlating with
low-velocity zones, as demonstrated in Figure 5(a) and Figure 5(b). The velocity contours reveal
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significant swirling around the turbine walls, contrasting with the slower flow at the center of the
draft tube. This suggests a stagnant region in the draft tube center, indicating that the pump-turbine
design channels minimal fluid straight behind the runner domain in this area. Instead, most of the
fluid is directed near the draft tube wall, attributed to the high swirl velocity associated with the
partial load condition, as noted in reference [59]. Both velocity and pressure increase radially away
from the draft tube center, clearly demonstrating the significant impact of the vortex rope presence.
The shear layer within the draft tube is discernible in the pressure contours, where the pressure dips
in the center due to the vortex rope and rises closer to the walls in the radial direction. The interface
between the low and high-pressure zones marks the shear layer, resulting from a disparity in
vorticities between the central and wall regions, as depicted in Figure 5(a), Figure 5(c), and Figure
5(d). This complex interplay of forces and flows within the draft tube is critical for understanding and
optimizing turbine performance.
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(a) (b) (c) (d)
Fig. 5. The instantaneous contours of (a) dimensionless vorticity, (b) dimensionless velocity, (c) iso-
surfaces of Q-criterion, and (d) instantaneous contours of pressure coefficient during the partial load
80% of the design point flowrate. Images are rendered at the center plane of the draft tube at the
turbine 14" revolutions

Figure 6 displays instantaneous contours of the pressure coefficient within the draft tube,
captured at various cross-sectional planes. These planes correspond to probe locations A1, A3, A6,
and A9, denoted as locations (A-D) respectively. The contours reveal that the maximum and minimum
pressure values are primarily located at the plane Al, which is closely related to the effects of the
runner. This finding indicates that the region nearest to the runner is most prone to pressure
fluctuations. As the flow progresses further down the draft tube, the pressure gradually decreases
and becomes more uniform, reflecting a significant reduction in the influence of turbulent flow.
Additionally, a strong negative pressure coefficient, marked by the blue color in the center of the
draft tube, denotes regions at risk of cavitation, typically aligning with the vortex rope location.
Downstream, the negative pressure gradually increases toward zero, promoting an improved
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pressure distribution along the draft tube cross-sectional planes. This pattern confirms that most
high-pressure oscillations in the draft tube are primarily caused by the runner impact and the vortex
rope movement. When moving radially away from the vortex rope, there is an increase in pressure,
illustrating the intricate pressure dynamics within the pump-turbine system and the significant
effects of the vortex rope.

ooooo o pvaO oo.q

(c) (d)
Fig. 6. The instantaneous contours of the pressure coefficient with various cross-
section planes of the draft tube (a) at A1 sensor location in the draft tube entrance,
(b) at A3 sensor location with 0.5D distance from the draft tube entrance, (c) at A6
sensor location with 1.25D distance from the draft tube entrance, (d) at A9 sensor
location with 2D distance from the draft tube entrance

Figure 7 presents normalized velocity contours at the same cross-sectional planes as those for
the pressure coefficient. In all plane locations, a low-velocity region is observed in the center of the
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draft tube, surrounded by an area of high swirling velocity magnitude at the outer region, where the
velocity increases radially. A stagnant region is notably present in the vortex rope area. The high swirl
flow structures near the draft tube wall are promoted instabilities for pump-turbine operations. The
cross-section plane at the runner exists has a much larger velocity component compared than the
others, due to the high energy of the turbulent flow at the draft tube inlet. The magnitude of velocity
decreases along the streamwise axis as the vortical activity decreases. As the flow goes further
through the draft tube, the dynamic flow energy converts to static energy, and flow becomes slow
and more uniform velocity distribution.

(c) (d)
Fig. 7. The instantaneous contours of the velocity with various cross-
section planes of the draft tube (a) at Al sensor location in the draft tube
entrance, (b) at A3 sensor location with 0.5D distance from the draft
tube entrance, (c) at A6 sensor location with 1.25D distance from the
draft tube entrance, and (d) at A9 sensor location with 2D distance from
the draft tube entrance

Figure 8 illustrates the pressure contours within the runner region, which are indicative of typical
turbine operation patterns. As expected, the pressure is higher in the outer region and decreases
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toward the inner region along the blade surfaces. There is a uniform pressure distribution across the
blades, registering at a magnitude of 1. The maximum pressure is identified at the blade tip, the
primary point of contact for the incoming flow. Additionally, on the pressure side, there is a gradual
decrease in the pressure coefficient from the outer region to the inner region, extending towards the
trailing edge. Conversely, the minimum pressure occurs on the suction side near the leading edge,
resulting from the narrow gap between the volute and the blade, which leads to rapid decreases in
pressure. The significant pressure differential between the high and low-pressure sides has the
potential to generate a vortex rope and a collection of small-scale vortices in the vicinity of the runner
region within the draft tube, highlighting the complex dynamics that influence turbine performance
and efficiency.
HEEE i

Fig. 8. The instantaneous contours of pressure coefficient
along the runner surfaces

Figure 9 shows the pressure signals probed at the draft tube wall A1-A9 and draft tube center C1-
C9 as a function of the turbine revolution. The fluctuating component of the pressure coefficient, (fp,
presented in Figure 9 is defined as:

Cp(x;t) = Cp(x;, t) — Cp(xy) (12)

where Cp(x;) = (1/T) [ Cp(x;, t)dt is the pressure coefficient time-averaged over the period T.
Across all locations, the pressure signals exhibit at least two modes: one characterized by high-
frequency, low amplitude, and the other by high amplitude with low-pressure fluctuation,
particularly in regions affected by the vortex rope. The consistency of pressure signals across all probe
locations suggests that the vortex rope maintains its strength throughout the downstream flow in
the draft tube. However, such high levels of fluctuations pose a risk to the structural integrity and
stable operation of the unit, potentially reducing the service life of the equipment due to exposure
to dynamic loading. The standard deviation of the pressure coefficient, as detailed in Table 2,
highlights the intensity of these fluctuations, with notable variances near the blade exit at probe Al
due to the high concentration of small eddies at the draft tube entrance. Despite these variances,
there is an overall uniform pressure intensity suggesting a persistent, strong vortex rope, indicative
of a highly unsteady flow that might affect system stability.
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Fig. 9. The pressure coefficients as a function of turbine revolutions during the

partial load operation regime. The pressure signals are probed at (1) draft tube

wall A1-A9 and (2) draft tube center C1-C9 as indicated in each graph

Table 2
The standard deviation of pressure fluctuation
intensity normalized by the total head of the water

Probe Draft tube Draft tube
locations wall (A) center (C)
1 5.264 4.519
2 4.714 4974
3 4.679 4.975
4 4.725 4.279
5 4.587 4.639
6 4.552 4.488
7 4.533 4.398
8 4.680 4.619
9 4.640 4.672

In addition to calculating the standard deviation of the pressure coefficient, the Fourier Transform
of the pressure signal (FFT) is illustrated in Figure 10. The frequency corresponding to the maximum
amplitude fluctuation is identified in Table 3. The power spectrum of the pressure coefficients is
depicted, with the right column representing data from the wall of the draft tube and the left column
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from the center. Similar to the findings presented in the pressure coefficient Figure 9 and Table 2,
alongside the low amplitude, high-frequency modes, there is a consistent spike observed across all
probes. High amplitude and low-frequency fluctuations remain the predominant mode throughout
the draft tube. Given the presence of small eddy structures near the draft tube wall, the intensity of
pressure fluctuations is slightly elevated in that region. These high amplitude fluctuations pose a
significant risk of causing major damage and could eventually lead to fatigue in the pump-turbine
unit.
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Fig. 10. The power spectrum of the pressure coefficients at the (a) wall of
the draft tube (the right column) and (b) center of the draft tube (the left
column). The signals are acquired at the probe location Al and C1 (the
first row), A3 and C3 (the second row), A6 and C6 (the third row), and A9
and C9 (the last row)

The frequency of fluctuations appears to be consistent across different probe locations, as

detailed in Table 3. Low-frequency fluctuations are observed at all probes, with the frequency
magnitude being nearly uniform across all locations. This consistency reflects the elevated intensity
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of pressure and the alleviated frequency of fluctuation, a consequence of the intense vortical activity
stimulated by the formation of structured vortex precessions.

Table 3
The frequency corresponding to the highest
amplitude for the pressure coefficient spectrographs

Probe Draft tube Draft tube
locations wall (A) center (C)
1 9.952 9.931
2 9.952 9.931
3 9.952 9.931
4 9.952 9.941
5 9.952 9.931
6 9.930 9.941
7 9.952 9.931
8 9.945 9.931
9 9.945 9.931

The final metric for characterizing the flow instabilities is depicted in Figure 11, which illustrates
the power generation as a function of the pump-turbine revolution. The predicted power generation
is approximately 29.1 kW, with the amplitude of fluctuations in the power signal constituting about
3% of the total generated power. The presence of the vortex rope in the center of the draft tube is
identified as the primary contributor to these higher amplitude fluctuations in the power generation
signal, underscoring its significant impact on the operational stability of the pump-turbine system.
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Fig. 11. The power signature as a function of the runner revolution

5. Conclusions

In a comprehensive large-eddy simulation of a pump-turbine system operating under 80% partial
load, intricate flow and pressure fields were meticulously analyzed. The study characterized
turbulent structures within the blade and draft tube regions, revealing a dominant, straight vortex
rope extending from the blade exit to the draft tube outlet. This vortex rope, central to the draft
tube, maintained its structure, creating centric stagnant area and influencing surrounding flow
patterns. Pressure fluctuations reached up to 5% of the turbine head, with a noticeable pressure
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surge associated with the vortex rope formation. Analysis using the Fast Fourier Transform of the
pressure coefficient indicated a spectrum of both high-frequency, low-amplitude, and low-frequency,
high-amplitude fluctuations, presenting potential risks to the structural integrity and operational
stability of power generation. A discernible shear layer was noted between the swirling and central
regions, highlighted by the differential fluid pressure and velocity along the radial direction of the
draft tube. The turbine was reported to generate an average power of 29.1 kW, with the power signal
exhibiting minor fluctuations attributed to vortical activities near the runner region, the vortex rope,
and the corresponding pressure fluctuations.
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