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Abstract

As a core component in renewable energy systems for grid regulation, hydropower units
are increasingly exposed to flow conditions that elevate the risk of cavitation and erosion,
posing significant challenges to the safe operation of flow-passage components. In this
study, model testing and computational fluid dynamics (CFD) simulations are employed to
investigate the hydraulic performance and cavitation behavior of a bulb turbine operating
under rated head conditions and varying cavitation numbers. The analysis focuses on
how changes in cavitation intensity affect flow characteristics and efficiency within the
runner region. The results show that as the cavitation number approaches its critical
value, the generation, growth, and collapse of vapor cavities increasingly disturb the
main flow, causing a marked drop in blade hydraulic performance and overall turbine
efficiency. Cavitation predominantly occurs on the blade’s suction side near the trailing
edge rim and in the clearance zone near the hub, with bubble coverage expanding as the
cavitation number decreases. A periodic inverse correlation between surface pressure and
the cavitation area is observed, reflecting the strongly unsteady nature of cavitating flows.
Furthermore, lower cavitation numbers lead to intensified pressure pulsations, aggravating
flow unsteadiness and raising the risk of vibration.

Keywords: bulb turbine; cavitation; pressure pulsation; flow instability

1. Introduction

Driven by the global shift in energy structure and carbon neutrality strategies,
hydropower—one of the most mature and scalable renewable energy sources—plays
a critical role in grid balancing, frequency regulation, and energy storage [1]. To accom-
modate the operational flexibility required by the integration of intermittent renewables,
modern hydraulic turbines—particularly bulb turbines—are increasingly subjected to fre-
quent start-stop cycles and off-design conditions, making their hydraulic performance and
cavitation resistance under complex flow regimes a focus of recent research.

Cavitation is recognized as a key factor affecting the operational stability and lifespan
of hydraulic turbines. It causes efficiency loss; flow instability; structural vibration; and
in severe cases, material erosion [2-5]. These effects become particularly pronounced
under low cavitation number conditions, where vapor bubbles form, grow, and collapse
rapidly, disrupting the main flow and significantly reducing energy conversion efficiency.
To accurately capture these cavitation phenomena and their impact on turbine performance,
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computational fluid dynamics (CFD) has emerged as a widely applied approach, providing
a powerful complement to traditional model testing [6-8].

Recent studies have extended cavitation research beyond steady-state performance
into areas such as unsteady flow behavior, vibration responses, and cavitation-induced
flow instabilities. For example, Li et al. [9] investigated cavitation effects in a pump-turbine
during hump region operations, revealing that the periodic oscillations of backflow and
blade surface cavitation collapse are responsible for specific pressure fluctuation frequencies
(1.344 fn and 2.88 fn), thereby deepening our understanding of cavitation-induced dynamic
instability. Similarly, Laouari and Ghenaiet [10] conducted two-phase flow simulations in a
small Francis turbine and found that under part-load and overload conditions, vortex rope
formation and cavitation-induced flow disturbances lead to intensified pressure and torque
fluctuations, posing more severe design challenges for small-scale turbines. In experimental
research on bulb turbines, Feng et al. [11] observed that increasing cavitation severity signif-
icantly amplified runner vibration amplitudes and caused frequency migration toward the
low-frequency region, highlighting the strong fluid—structure interaction effects induced
by cavitation.

Furthermore, Dular et al. [12] examined Kelvin—-Helmholtz instability in cavitating
Venturi microchannel flows and identified it as a third cloud-shedding mechanism along-
side re-entrant jet and condensation shock. This finding underscores the crucial role of
interfacial instabilities in cavity dynamics. Podnar et al. [13] analyzed the cavitation behav-
ior of bulb turbine hydrofoils and confirmed through visualization and regression models
that modified blade profiles significantly delayed cavitation inception and reduced cavity
length, highlighting the influence of geometric optimization. Meanwhile, Coutier-Delgosha
et al. [14] used advanced DES turbulence models to simulate hydrodynamic cavitation in
Venturi configurations, emphasizing the importance of 3D cavitation-turbulence interac-
tions and identifying the limitations of conventional RANS in capturing cavity morphology
and turbulence evolution.

While these studies have advanced our understanding of cavitation-induced instabili-
ties across various turbine types, comprehensive investigations of the cavitation evolution,
energy performance variations, and blade efficiency response in bulb turbines under rated
flow and low cavitation number conditions remain limited. Existing research often focuses
on steady-state flow fields or cavitation onset locations without quantifying their coupling
with surface pressure evolution or capturing their unsteady characteristics [15].

To address this gap, the present study takes a bulb turbine as the research object,
employing both model experiments and CFD two-phase flow simulations to systematically
analyze the variation in energy performance, cavitation region evolution, and its correlation
with blade surface pressure under rated head and varying cavitation numbers. The aim is to
elucidate the mechanisms by which cavitation affects blade energy transfer and to provide
theoretical support for anti-cavitation structural design and the operational reliability
enhancement of bulb turbines.

2. Theoretical Analysis of Cavitating Flow
2.1. Cavitating Flow Theory and Model

Cavitation refers to the phenomenon in which vapor bubbles or cavities form in a
liquid when the local pressure drops below the vapor pressure. In fluid machinery such as
hydraulic turbines, cavitation can severely impair operating performance and even cause
mechanical damage. The occurrence of cavitating flow requires certain conditions: when
the local pressure of the fluid drops below its saturated vapor pressure, evaporation begins,
and vapor cavities are formed. As the pressure recovers or increases, these cavities collapse
rapidly, generating pressure fluctuations that further destabilize the flow field.
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In liquids, the onset of cavitation is mainly influenced by several factors, including
fluid velocity, pressure, external geometric boundaries, and critical pressure (Pt). When
the difference between the reference pressure, Py, and the vapor pressure, P, is sufficiently
large, cavitation is less likely to occur. Conversely, an increase in flow velocity, U0, tends to
reduce the local pressure, thus promoting cavitation. Therefore, dynamic pressure, %p Uy?,
is considered the primary driving factor for the initiation of cavitation. To quantify the
balance between the forces suppressing and promoting cavitation, a dimensionless number
called the cavitation number, o, is defined, as shown in Equation (1).

= g

30Uo

This parameter serves as an important indicator of the fluid’s susceptibility to cav-
itation: lower values of ¢ indicate a higher likelihood of cavitation, while higher values
suggest a more stable flow condition. Different stages of cavitation can be characterized
using specific values of the cavitation number. The incipient cavitation number, o}, refers
to the critical condition under which the first vapor bubbles form when the local pressure
drops close to the vapor pressure, although large-scale cavitation has not yet developed.
The disappearance cavitation number, ¢;, on the other hand, denotes the condition when
cavitation has entirely vanished, and the flow returns to a non-cavitating state. Typically,
o4 > 0j, indicating the hysteresis and partial irreversibility of the cavitation process.

Py, — P,

Gi=1—7 )
20Uo;
Py — P,

Od = TMU 20 ®)
>PUod

Equations (2) and (3) represent the formulations of ¢; and ¢, respectively, where Py;
and Py, are the reference pressures at incipient and disappearing cavitation, and Uy; and
Uy, are the corresponding characteristic velocities.

2.2. Cavitation Number and Its Calculation

To further determine the possibility of cavitation under various operating conditions,
the sum of dynamic and static vacuum values can be used as a diagnostic criterion. During
turbine operation, the fluid pressure on the blade surface varies with flow conditions. When
the pressure at a certain location drops below the saturated vapor pressure at the given
water temperature, cavitation is likely to occur.

In such cases, the cavitation number, ¢, can be used to estimate the minimum pressure,
Px at a critical location on the runner blade surface, as shown in Equation (4):

Pe_Pa g on )
r r

where py is the local pressure at the lowest point on the runner blades, p, is the external
atmospheric pressure, H; is the static pressure height at the position of the turbine, and
o is the cavitation number. In order to prevent cavitation at the lowest pressure point, k,
it is necessary to ensure that the pressure at that point is higher than the saturated vapor
pressure of the liquid, £2 [16], which can be achieved by calculating the pressure margin,
which is expressed as

Pk _Po_ Py o o 5)
r r r r
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The relative value of the pressure allowance can be expressed as Equation (6):

Pk r;{Pv =0p—0 (6)

where 0, is the cavitation coefficient, also known as the cavitation coefficient of the turbine
unit, also known as the Thomas coefficient, which is the relative value of the pressure
margin reserved for the feed turbine of the power station device [17].

3. Numerical Simulation Method
3.1. Computational Model Setup

In this study, a 24 MW prototype bulb turbine unit from a hydropower station was
selected as the research object. The total installed capacity of the station is 96 MW, with
an annual average power generation of approximately 491 million kWh. The main design
parameters are listed in Table 1. Based on these parameters, a computational domain and
surface region for the unit’s internal flow field were constructed, as shown in Figure 1. The
computational domain includes the intake passage, guide vane section, runner region, and
draft tube. The surface boundaries are used for setting boundary conditions and visualizing
computational results.

Table 1. Geometrical parameters of a through-flow turbine.

Parameter Data
Hydro turbine model GZ995-WP-720
Runner diameter 72m
Rotate speed 68.18 r/min
Rated output of a single machine 24.6 MW
Rated flow rate 399.2m3/s
Highest head 10 m
Lowest head 31m
Rated head 6.8m
Number of blades 4
Number of guide vanes 16

Guide vane area

Inlet flow channel Tailwater channel

Runner area

Figure 1. Schematic diagram of the flow field structure of a hydro turbine.

In the numerical simulation of hydraulic turbine flow fields, water is generally treated
as an incompressible fluid. Given the negligible thermal exchange during operation, the
energy conservation equation is omitted. Under these assumptions, the flow behavior
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is described using the continuity equation and the Navier-Stokes equations for three-
dimensional viscous flow [1,18,19]:

% + V(pu) =0
% + V(puu) = V(pgradu) — 3—5 + Sy
% + V(puv) = V(¢pgradv) — g—ly) + Sy

a(gzu) + V(puw) = V(pgradw) — %—1; + Sw

)

In the above equation, p denotes the density of the fluid; y represents a velocity vector;
u, v, and w represent the components of velocity in the x, y, and z directions, respectively; P
is the pressure; S, Sy, and Sy, are conservation of momentum in different directions of the
generalized source term; and ¢ is the dynamic viscosity coefficient. In view of the complex
curved structure of the guide vane, impeller, and runner chamber walls and the need to
capture the overall flow characteristics, a turbulence model using SST k-¢ was used in
this study.

In the simulation process, mesh generation plays a critical role in ensuring both com-
putational accuracy and numerical stability. Depending on the geometric complexity of
different regions, appropriate grid types were selected. The inlet passage, bulb body, and
draft tube feature relatively regular geometries and were meshed using structured hexahe-
dral grids, while the runner region—with its highly twisted and irregular surfaces—was
discretized using unstructured tetrahedral meshes, which offer better adaptability to com-
plex geometries.

To validate the reliability and independence of the numerical results, grid indepen-
dence verification was performed. Taking the representative operating condition ¢ = 25,
n11 = 118.31 r/min, simulations were conducted using different node and element counts.

To ensure the accurate resolution of key flow structures and reliable cavitation pre-
diction, a high-quality hybrid mesh was generated using ANSYS 2023R1 Fluent meshing
tools. Structured hexahedral elements were applied to the upstream pipe, stay vanes, and
draft tube, while unstructured tetrahedral elements were used in the runner domain to
accommodate the complex blade geometry. Inflation layers were added along all solid
walls to resolve the near-wall boundary layer, maintaining a dimensionless wall distance
(y*) below 50.

A mesh independence study was conducted using nine levels of grid resolution. As
shown in Figure 2a, when the mesh count exceeded approximately 10 million elements,
the computed efficiency stabilized with negligible variation, indicating sufficient grid
convergence. Based on this analysis, a final mesh containing 8,998,552 elements was
adopted for all simulations, as illustrated in Figure 2b.

For turbulence modeling, the SST k-¢ model was employed, which combines the
advantages of the k-¢ and k-w models. The k-w formulation was applied to near-wall
regions to better resolve shear flows, while the k-¢ model handled the free-stream re-
gion to improve global prediction accuracy. Turbulence model coefficients were set as
Cp =0.0845, C1., = 1.42, and Cy_ = 1.68, based on prior validated studies. Additionally, the
swirl-dominated flow option and differential viscosity model were activated to enhance
vortex resolution and improve solution robustness in cavitating regions.

For transient cavitation simulations, the Zwart—Gerber-Belamri cavitation model was
used due to its stability and broad applicability in engineering cavitation flows. A time step
of 0.0024 s was chosen, corresponding to a 1° rotation of the runner per time step, ensuring
a Courant-Friedrichs-Lewy (CFL) number below 1 throughout the domain. Simulation
results were recorded every 10° of rotation to capture the unsteady development of vapor
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cavities. Each simulation was run for at least three full runner revolutions after initial
stabilization to ensure the statistical convergence of transient behavior.

93.0

90.5

/.

___n . Skewness | 0.19981 | Aspect ratio 1.7659
—
/./ y+ 5 Element quality | 0.85738

8,998,552

6 8
Number of meshes (x10°)

(a) Grid independence verification (b) Flow field grid display

Figure 2. Grid independence verification and grid display.

3.2. Validation of Numerical Method and Comparison with Experiment

To evaluate the performance of the model turbine under various conditions, experi-
ments were conducted at a fixed blade pitch angle by adjusting the guide vane openings to
simulate different operating regimes. This approach enabled the coverage of a wide range
of specific speeds and allowed for comprehensive comparison with experimental data
collected across representative operating conditions. Table 2 presents the correspondence
between unit speed and operating head, while Table 3 summarizes the energy performance
data used as the foundation for subsequent cavitation analysis.

Table 2. The correspondence between the unit speed and the running head.

Head (H) Unit Speed (1111)

10 155.23
7.68 177.14
6.8 188.25
3.1 278.81

Table 3. Energy test data.

Option

Parameter Rated Operating Point Optimal Operating Point

Gk WD

111 (r/min) 188.25 156.5
Q11 (L/s) 29533 1800.0
Q11 (m3/s) 399.2 -
N (%) 91.24 93.6
Mp (%) 92.94 95.3

Under constant rotational speed, five representative operating conditions with differ-
ent flow rates were selected for analysis. For each case, steady-state CFD simulations were
conducted using a fixed runner length. The simulated efficiency values were then compared
against both laboratory model test results and prototype performance data obtained from
coordinated field testing of the actual unit. All experimental data used in this study were
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acquired directly by the authors during on-site and model test measurements and have not
been published elsewhere, ensuring high engineering authenticity and traceability.

Figure 3a presents the efficiency curves derived from CFD simulations, model exper-
iments, and full-scale prototype tests under rated head conditions. Across the selected
flow range, the efficiency trends predicted by CFD closely align with both experimental
datasets. It is observed that the model test results are consistently slightly lower than both
the CFD and prototype efficiencies. This discrepancy is primarily due to two factors: the
model tests report overall system efficiency including generator losses, whereas the CFD
simulation focuses solely on hydraulic efficiency, leading to a relative underestimation; sim-
ilarity transformation between the model and prototype introduces inevitable scale-related
deviations, generally causing the prototype efficiency to appear higher.

94.5
94.0 ) o
| Real machine Entone
o experiments | CFD num_erical quel
: calculations experiments
. Option 1 92.0 % 0.54 1.41
°\° 93.0 ption (
P s
;:2 9254 Option 2 9227 % 0.56 1.05
Q
E 92.0¢ Option 3 93.78 % 0.55 0.62
915 Option 4 93.12 % 0.41 0.93
—#— Model experiments i o
91.0 —®— Real machine experiments Opthll 5 92.26 % 0.59 0.12
i —a&— CFD numerical calculations Avg 92.686 % 0.53 0.826
90.5 - . - . - L
1 2 3 5
Option (1-5)
(a) Efficiency curves under different operating conditions (b) The CFD numerical calculation results are experimentally verified

Figure 3. Experimental comparison of numerical calculation results.

To quantitatively evaluate the prediction accuracy, the relative error between the
CFD/model test results and prototype measurements is plotted in Figure 3b. The average
deviation for CFD is 0.53%, while that of the model tests is 0.826% across all five operating
conditions. These low deviations demonstrate that both CFD and model experiments
reliably predict the turbine’s hydraulic performance, with CFD showing slightly better
agreement with the real machine measurements.

In addition, the CFD-predicted efficiency curves replicate the expected performance
pattern observed in the tests—i.e., lower efficiency under low flow and higher efficiency
at full load—validating the accuracy of the geometric modeling and boundary condition
settings. Overall, the close match across the CFD, model, and prototype data supports the
credibility of the adopted numerical method in analyzing bulb turbine performance under
cavitating and non-cavitating conditions.

4. Numerical Results and Analysis in the Runner Region
4.1. Pressure and Streamline Distribution on Runner Blades

As the most critical hydraulic component of a turbine, the pressure distribution on the
runner blade surface plays a crucial role in revealing the energy conversion characteristics

of the runner. Figure 4 presents the pressure distribution patterns on both the pressure side
and suction side of the blade under operating conditions 2, 3, and 4.
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(a) Blade face pressure distribution
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(b) Pressure distribution on the back of the blade
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Figure 4. Rotor blade pressure distribution.

As shown in Figure 4a, under condition 2, the pressure distribution on the pressure
surface (i.e., the working surface) is relatively uniform. The pressure near the trailing
edge is significantly higher than that near the hub. Along the radial direction, pressure
increases gradually with blade radius, and a localized high-pressure band forms near the
blade trailing edge. As the unit speed increases, this high-pressure zone gradually narrows,
indicating that more of the fluid’s pressure energy is being efficiently converted into kinetic
energy—consistent with the observed efficiency trends.

Figure 4b displays the pressure distribution on the suction side of the blade. Compared
with the pressure side, the suction side generally exhibits lower pressure, especially near
the hub and the trailing edge, where distinct low-pressure regions are observed. The
significant pressure difference between the pressure and suction sides contributes to the
energy conversion process. However, when the pressure on the suction side drops near the
saturated vapor pressure, blade cavitation is likely to occur. With increasing unit speed, the
low-pressure area on the suction side expands, and the pressure gradually increases from
the root to the tip along the radial direction. A slight pressure buildup can also be observed
near the blade tip.

Figure 5 shows the streamline distribution on the blade surface under the same
operating conditions. As seen in Figure 5a, with increasing unit speed, the streamline
trajectories become more uniformly aligned and exhibit reduced curvature and deviation
along the blade surface. This pattern indicates a smoother, more attached flow with minimal
indications of boundary layer separation or secondary vortices. Such streamlined flow
behavior contributes to lower hydraulic losses and more efficient energy conversion.
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(a) Streamline distribution of blade working faces
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Figure 5. Runner blade streamline distribution.

However, it is noteworthy that near the hub, streamline distributions become rela-
tively disordered. This phenomenon becomes more pronounced at lower unit speeds and
gradually extends toward the blade tip. The cause is primarily flowing separation due to
the impact of the incoming flow at the blade root—especially significant under low-flow
conditions. Moreover, on the suction side at the runner outlet, an increase in circumferential
velocity leads to more turbulent flow patterns and the formation of recirculation zones and
vortex structures, ultimately reducing the effective energy conversion of the blade.

4.2. Energy Characteristics Under Cavitating Conditions

Building upon the energy performance tests, further experiments were conducted
to evaluate the cavitation resistance of the turbine under coordinated operating points
with fixed blade pitch angles. These tests were performed within a unit speed range of
111 = 140~280 r/min. At each fixed unit speed, the pressure in the draft tube was adjusted
to create different experimental cavitation numbers (0), thereby inducing cavitation during
gradual pressure reduction, while collecting relevant hydraulic performance data.

The experimental results show that under rated power output conditions, the crit-
ical cavitation number of the turbine is o5 = 1.39, while the plant cavitation number is
op = 1.822. Accordingly, the calculated cavitation margin is expressed in Equation (8):

% 131 8)

Tp
The cavitation margin is higher than the minimum requirement specified in the agree-
ment (0s/0p > 1.2), which indicates that the model turbine has a sufficient anti-cavitation
ability within the operating range to meet the requirements of engineering applications. In
terms of numerical simulation, working parameters and boundary conditions consistent
with the physical test are used to set a constant inlet flow; the cavitation coefficient of the
turbine is controlled by gradually reducing the outlet pressure to simulate the cavitation
development process; and the efficiency of the turbine is calculated under each cavitation
coefficient to obtain its change trend. Table 4 lists the key parameters used in cavitation tests.
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Figure 6 shows a comparison curve of the efficiency with the cavitation coefficient obtained
by the CFD numerical simulation and the model test under the rated head condition.

Table 4. Cavitation test parameters.

No. Sigma Q1 (L/S)
1 0.7133 1981.78
2 0.7644 1990.85
3 0.7835 1984.98
4 0.79 1989.45
5 0.8469 1984.98
6 0.9091 1980.75
7 1.2231 1996.48
8 1.3301 1997.98
9 1.9320 2000.7

95

94 1

92 -

Efficiency (%)

—®—  Model experiments
—®—  CFD calculations

Sigma
Figure 6. Efficiency variation curve with cavitation number.

As shown in Figure 6, the efficiency trends from CFD simulations closely match
those from model experiments, displaying distinct stage-wise variation. In the range of
o =1.2~1.866, although some cavitation occurs, its impact on turbine hydraulic performance
is minor, with efficiency decreasing by less than 1%. The slope of the efficiency curve
remains nearly unchanged, indicating that cavitation at this stage does not significantly
disturb the internal flow field, and the turbine maintains stable operation.

When the cavitation number drops further to approximately o = 0.95, nearing the
incipient cavitation number, a noticeable efficiency reduction exceeding 1% can be observed.
Theoretically, this may result from localized cavitation bubbles forming near the blade
trailing edge, which alters the direction of the exit flow, especially at the draft tube inlet
where axial velocity increases. Though large-scale cavitation has not yet developed, these
localized effects disrupt blade hydrodynamics, reflected as subtle curvature changes in the
efficiency curve.

As the cavitation number approaches the critical value (around o = 0.65), cavitation
intensifies significantly. At this stage, the fluid pressure at the runner outlet continues to
decrease, leading to large-scale cavitation zones forming near the runner blade exits and
within the draft tube. The abundance of vapor cavities in the main flow passages reduces
the effective flow area, lowers discharge and output power, and leads to a sharp drop in
turbine efficiency—manifested as a steep decline in the efficiency curve. According to
hydraulic machinery standards, the cavitation number at which efficiency drops by 1-5%
is defined as the critical cavitation point.
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It is worth noting that due to inherent limitations in CFD simulations—such as tur-
bulence model selection, near-wall treatment, and mesh quality—the predicted cavitation
number values tend to be slightly higher than experimental results. This conservative
bias aligns with findings reported in the literature and underscores the importance of
integrating experimental data to calibrate and validate numerical simulations for accurate
cavitation prediction in engineering applications.

4.3. Vapor Bubble Volume Fraction on Blade Surface

Figure 7 illustrates the time-domain evolution of vapor cavity regions on the runner
blade surface under rated flow conditions for various cavitation numbers. Cavitation zones
are identified based on regions where the vapor phase volume fraction exceeds a threshold
of 0.1, indicating local pressure below the saturated vapor pressure [20-22]. This enables the
intuitive tracking of cavitation intensity and spatial distribution.
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Figure 7. Cont.
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Figure 7. Cavitation bubble area time-domain responses.

0.74

(c) Cavitation coefficient (6) = 1.2

At the early stages of cavitation, vapor bubbles primarily appear near the trailing edge
of the blade suction side, particularly around the rim and hub regions. The initial cavitation
area remains spatially confined and limited to a localized region near the outlet, occupying
only a small portion of the suction surface. As time progresses, these bubbles grow and
propagate toward the mid-span of the blade, eventually forming a broader cavitation region
that evolves dynamically with time.

With a decreasing cavitation number, cavitation intensity increases significantly, lead-
ing to the expansion of vapor cavities across the sensitive regions. This process can induce
more extensive cavitation coverage, which disturbs the main flow structure, reduces energy
conversion efficiency, and poses a threat to the long-term operational stability of the turbine.

Figure 8 illustrates the temporal evolution of blade surface pressure and the cavitation
area under three different cavitation number conditions. The results reveal an oscillatory
relationship between pressure fluctuations and vapor cavity development. While a perfect
inverse correlation is not consistently observed, a general trend emerges in which reductions
in surface pressure are often followed by expansions in the cavitation area, albeit with
varying phase delays across operating points. This time-lagged coupling reflects the
inherent unsteady nature of cavitating flows.

Notably, under lower cavitation number conditions, pressure fluctuations become
more pronounced, and the associated cavitation area variation also intensifies. This indi-
cates that the blade surface experiences increasingly unstable flow dynamics, in which
cavitation and pressure oscillations interact in a nonlinear and temporally asynchronous
manner. Such behavior is consistent with known cavitation physics, where vapor bubble
growth and collapse are not instantaneous with respect to pressure changes but occur over
a finite response time due to inertia and phase transition delays.

These findings underscore the importance of considering transient phase-lag effects in
cavitation modeling. The coupled evolution of pressure and cavity area is a key contributor
to flow instability, energy losses, and potential erosion risk, offering valuable insights for
the future design of anti-cavitation blade profiles.
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Figure 8. Time-domain variations in cavitation area and pressure of blades.

4.4. Analysis of Cavitating Flow Characteristics in the Draft Tube

Vortical structures are among the primary sources of pressure fluctuations in hydraulic
turbines. In particular, the vortex formation between the guide vanes and runner blades,
as well as cavitation-induced vortex ropes in the draft tube, significantly influence flow
field stability [23-25]. Notably, low-frequency vortex rope oscillations in the draft tube,
triggered by cavitation, have attracted extensive scholarly attention in recent years.

When the turbine operates away from its optimal operating point, distinct cavitation
vortex ropes frequently form within the draft tube. The morphology of these vortex
structures is closely related to the operating load: under low-load conditions, helical
eccentric vortex ropes are typically observed, while under high-load conditions, columnar
vortex structures tend to develop. These differences in vortex morphology directly impact
the flow characteristics and energy dissipation within the draft tube, thereby influencing
the overall stability and vibration response of the turbine.

The fundamental governing equation for modeling hydraulic turbine operation is
the Euler equation, which describes momentum conservation in fluid flow. Its general
form is shown in Equation (9), serving as the theoretical basis for analyzing draft tube
unsteady characteristics.

(U1 Vl coswy — UZ Vz Ccos 0(2)

nH = 2 ©)

where U; and U, are the circumferential velocities of the inlet and outlet of the blade; V;
and V) are the absolute velocities at which water flows into and out of the blades; a7 and
ay represent the angles between V; and V; and between U; and Uy, respectively. H and 7
represent the working head and efficiency of the water flow, respectively.
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Table 5 lists the computational cases used in this study. Simulations were conducted
under a unit speed of ny; = 188.3 r/min for various operating conditions to examine the
unsteady cavitating flow fields and the time-evolving behavior of vortex ropes within the
draft tube under different cavitation numbers.

Table 5. Calculated load points.

Option Flow Rate Cavitation Number Unit Speed Guide Vane Opening
1 1996.4 1.2 188.3 52.9%
2 1997.9 1.33 188.3 61.8%
3 2000.7 1.86 188.3 70.7%

A total of six cross-sections were selected from the guide vane region to the draft tube
outlet. Section A is located at the guide vane outlet; Section B at the runner outlet; Section
C at the runner hub end; Section D at the draft tube inlet; and Sections E and F at the mid-
and rear portions of the draft tube. Four monitoring points were evenly distributed in each
section, resulting in a total of 24 measurement points, as illustrated in Figure 9.

@ Guide vanes ® Runner ® Tailpipes | s »

Sample cross-section

Monitoring points

Figure 9. Schematic diagram of the sampling surface and monitoring points of the unit.

To provide a visual reference for the spatial variations in pressure induced by different
cavitation intensities, Figure 10 displays instantaneous pressure contour maps under three
different cavitation numbers. These snapshots correspond to the same time instant and
allow for a direct comparison of pressure distribution patterns throughout the flow passage.
The exact spatial positions of all monitoring points, including Point 1, referenced in the
time-domain analysis, are clearly shown in Figure 9 and are, therefore, not redundantly
marked again here.

The results in Figure 10 reveal significant pressure differences across the flow path
under varying cavitation numbers. At the guide vane outlet, where cavitation has not yet
developed, the local pressure remains relatively high, and spatial fluctuations are minimal,
reflecting a stable flow environment [26-31]. In contrast, at the runner outlet and near the
hub region, strong cavitation development leads to a steep pressure drop and localized
high-amplitude pressure gradients.

As the cavitation number decreases, a columnar cavitation vortex rope begins to form
at the hub-end of the runner, extending symmetrically along the axial flow direction into the
draft tube. This vortex structure exhibits an expanding tendency and introduces substantial
instability into the downstream flow. In the midsection of the draft tube, the vortex rotation
intensity weakens, and some structures dissipate, resulting in a gradual pressure recovery
and reduced fluctuation intensity. The phase difference between monitoring Sections E and
F becomes smaller under these conditions, indicating improved pressure uniformity and
enhanced pressure recovery performance.
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Figure 10. Pressure pulsation time domain and tailpipe pressure distribution.

Furthermore, a lower cavitation number is clearly associated with an increase in
both the spatial gradient and amplitude of pressure variations throughout the system.
This behavior is due to intensified cavitation activity, which amplifies flow disturbances,
promotes vortex development, and undermines hydraulic stability.

During steady operation of the turbine, the rotational frequency is f, = 1.1236 HZ.
To quantitatively assess the effects of cavitation on flow field unsteadiness and potential
excitation risks, a Fast Fourier Transform (FFT) was applied to the time-series pressure
data collected at multiple monitoring points [12-14,32,33]. The FFT was performed using
pressure signals sampled over a full rotation cycle with a temporal resolution corresponding
to 1° of the runner rotation per time step, ensuring accurate frequency resolution.

Figure 11 displays the resulting pressure frequency spectra at Point 1 under three
different cavitation number conditions. The spectral results reveal consistent trends across
cases, with distinct dominant and secondary frequencies emerging in different flow regions.
In the runner outlet and draft tube regions, a pronounced peak occurs at 4 f,;, corresponding
to the blade passing frequency (BPF). This high-frequency, low-amplitude component
arises from periodic blade interactions and remains relatively stable, suggesting limited
structural concern.
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Figure 11. Frequency domain distribution of pressure pulsation at Point 1.

In the runner hub end and draft tube inlet, a dominant low-frequency component
near 0.8 f, can be observed. This mode exhibits significantly larger amplitudes and is
linked to columnar cavitation vortex rope formation and annular hydraulic jump phe-
nomena, where persistent bubble shedding and reformation cause strong, non-uniform
flow structures. This low-frequency pressure fluctuation is considered a key contributor to
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cavitation-induced system instability. A secondary subharmonic peak at 5 f;, is also evident,
particularly in Sections B, C, and D. This frequency results from nonlinear coupling and the
modulation of cavitation vortex rope oscillations, aligning with localized small-amplitude
pressure pulsations observed in Figure 10, and reflects the multi-scale, unsteady behavior
of cavitating flows.

At the guide vane-runner interface, the dominant spectral peak is located at 4.54 Hz,
close to the BPFE. This is due to a rotor—stator interaction (RSI) between the rotating runner
blades and stationary guide vanes, producing high-frequency, low-amplitude pulsations
due to jet-wake interference. Although relatively low in amplitude, the pressure pulsation
peak reaches AH/H = 6.7%, which may approach or exceed the threshold of structural
fatigue excitation in some turbine components.

Overall, the pressure spectra illustrate a clear trend: as the cavitation number decreases,
low-frequency pulsation amplitudes increase, particularly in regions prone to vortex rope
formation. This suggests an elevated risk of cavitation-induced structural resonance under
severe cavitating conditions. The identified dominant frequencies and their physical origins
provide important reference data for evaluating potential fatigue risks and guiding the
design of vibration-resistant hydraulic components.

5. Discussion

By integrating model test results with CFD simulations, this study conducted a com-
prehensive analysis of the hydraulic performance and internal flow characteristics of a
hydraulic turbine under different cavitating conditions. The main conclusions are summa-
rized as follows:

(1) Based on model test data and numerical simulations, the energy characteristics
of a full-scale bulb turbine under rated head and various cavitation numbers
were systematically analyzed. The experimental data verified the accuracy of
the CFD model, with a maximum efficiency deviation of less than 1% across five
operating conditions.

(2) When the turbine operates at the critical cavitation number, a large number of vapor
bubbles form, develop, and collapse within the flow passage. These bubbles attach to
blade surfaces, disturbing the main flow and significantly altering the internal flow
structure. This leads to reduced flow capacity and impaired energy transfer efficiency,
resulting in a sharp efficiency drop—up to 5% in severe cases.

(3) Both numerical and experimental results indicate that under variable load conditions,
cavitation primarily occurs in two regions: (a) near the blade suction side close to
the trailing edge rim and (b) the clearance zone adjacent to the hub. These can
be identified as low-pressure zones prone to cavitation and are critical areas for
potential erosion.

(4) Pressure pulsations are highly sensitive to changes in the cavitation number. As the
cavitation number decreases, pulsation intensity increases significantly, leading to
enhanced flow field unsteadiness, reduced hydraulic stability, and increased risks
of efficiency loss and structural vibration. Therefore, it is crucial to maintain the
cavitation number within a safe and reasonable range during both the design and
operational phases to ensure the long-term stability and reliability of the turbine unit.

Despite the insights obtained, this study also presents several limitations that offer
opportunities for future research. First, the simulations adopted the SST k—e¢ turbulence
model and the Zwart-Gerber—Belamri cavitation model, which, while widely used, may not
fully capture the complexity of micro-scale cavitation and bubble dynamics. Additionally,
structural responses and potential fluid-structure interaction (FSI) effects were not consid-
ered in the present work, although the observed pressure pulsations may have implications
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for fatigue and vibration risks. Future studies could incorporate more advanced modeling
approaches, such as large eddy simulation (LES) and FSI coupling, to further improve
predictive accuracy. Moreover, while this work focused on the rated head condition; a
broader exploration of start-stop scenarios and off-design operating states would enhance
the applicability of the findings to modern hydropower operations.
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