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ABSTRACT

Traditional vortex shaft spillways are prone to cavitation and structural degradation under high-
head, high-velocity flow conditions. To address these challenges, this study proposes a tapered
vortex shaft configuration. Numerical simulations using the Volume of Fluid (VOF) method and
the RNG k—¢ turbulence model were conducted to compare the tapered and conventional designs
in terms of flow behavior, velocity and pressure distributions, and cavitation resistance. Results
show that the tapered geometry facilitates smoother velocity and pressure transitions, promotes the
formation of a stable vortex core, and extends the effective flow path. These features enhance
energy dissipation and significantly reduce low-pressure zones, thereby improving cavitation
resistance. The findings provide a basis for optimized vortex shaft designs in high-head hydraulic
systems.
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INTRODUCTION

Vortex shafts offer an efficient solution for hydraulic energy dissipation, leveraging rotational
flow that spirals helically along the shaft wall. This swirling motion promotes energy loss primarily
through enhanced wall friction and intense turbulent mixing. Due to their compact design and high
dissipation capacity, vortex shafts have been widely adopted in various hydraulic engineering
contexts, including high dam spillways (Mahmoudi-Rad and Najafzadeh 2023), urban drainage
systems (Chang and Wei 2022, Del Giudice and Gisonni 2011), wastewater treatment facilities
(Jain and Kennedy 1984), and subsurface water conveyance networks (Zhou et al. 2020).In high
dam applications, conventional free-fall spillway tunnel frequently encounter severe spray and
atomization at the outlet. By contrast, vortex shafts provide a more controlled and environmentally
sustainable alternative, combining lower construction costs with superior energy dissipation
efficiency (Guo et al. 2016). They have been successfully implemented in large-scale hydropower
projects such as Lianghekou, Huangdeng, Jiayan, Guxue, and Xiluodu, each managing flood
discharges exceeding 1,000 m?/s.

Despite these advantages, vortex shafts operating under high heads and high-velocity
conditions remain susceptible to localized cavitation and cavitation erosion. These phenomena
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arise when local pressure falls below the vapor pressure of water, initiating the formation of vapor
cavities from dissolved gases. As pressure recovers, the cavities collapse violently, releasing
microjets and shock waves (Zhai et al. 2022). The resulting transient high-pressure impacts can
erode the internal surfaces, compromising structural integrity and shortening the service life of the
shaft. Cavitation-induced damage is a well-documented challenge in hydraulic structures subjected
to intense turbulence and pressure fluctuations, including spillway tunnels, pressurized conduits,
and energy dissipating pools. Given these concerns, enhancing the cavitation resistance of vortex
shafts under extreme hydraulic conditions is a critical research objective. This study explores the
tapered vortex shaft as a potential improvement in vortex energy dissipation structures. Through
comprehensive CFD-based numerical simulations, the hydraulic behavior of the tapered structure
is evaluated against that of a traditional vertical shaft, with particular attention to flow velocity
distribution, pressure field, cavitation resistance. The goal is to provide a robust scientific
foundation for advancing vortex shaft design, thereby enhancing structural resilience and
operational reliability in high-energy hydraulic environments.

1. Model design

In this study, a numerical model was developed using the elevation of the downstream outlet
floor as the zero reference point. The vertical drop between the upstream and downstream floors
is 186 meters, with the upstream normal reservoir level set at 225 meters and the downstream
tailwater level at 30 meters. The modeled maximum discharge capacity is 2300 m3/s,
representative of high-head, large-flow hydraulic conditions. Two structural configurations were
examined a single-stage shaft and a two-stage shaft system. The study systematically compares
the hydraulic performance of tapered and conventional vortex shafts under both configurations,
with particular emphasis on velocity fields, pressure distribution, and cavitation characteristics.

1.1 Single-Stage Vortex Shaft

In the single-stage vortex shaft configuration, both the operating head and discharge capacity
surpass those of existing systems, resulting in a flood discharge power approximately 2.5 times
greater than that of the largest systems currently in operation. To effectively dissipate this
intensified energy, a energy dissipating pool with enlarged dimensions is constructed downstream,
with specific increases in length, width, and structural depth. The plan and sectional views of this
arrangement are shown in Figure 1(a). In the tapered design, the traditional secondary vortex
chamber (24 m in diameter), contraction section (narrowing from 24 m to 16 m), and vertical shaft
segment (16 m diameter) are combined into an integrated tapered shaft that transitions from 28 m
at the crest to 12 m at the base. The physical model comprises an upstream head tank with an
inclined approach channel, a gate chamber, a 414.67 m long upper rectangular chute, the vortex
shaft, a energy dissipating pool, and a downstream chute. The downstream chute adopts a “city-
gate” cross-section, extends 812 m, and includes two baffle sills, two crown sills, and three
ventilation ducts, each with a diameter of 4 m. An aerator installed at an elevation of 121.37 m
enhances air entrainment, thereby mitigating cavitation risk.

1.2 Two-Stage Vortex Shaft



In the two-stage vortex shaft configuration, the discharge power remains comparable to that
of current large-scale hydraulic installations. Under these conditions, a energy dissipating pool
with adequate dimensions in terms of length, width, and structural depth ensures sufficient energy
dissipation. The longitudinal section and plan view of the two-stage arrangement are illustrated in
Figure 1(b). In this system, the hydraulic head difference between the upper and lower vortex
shafts is set at a 1:1 ratio. For the tapered configuration, the contraction section (with a top diameter
of 24 m and a bottom diameter of 16 m) and the vertical shaft segment (16 m diameter) are
combined into a single tapered shaft narrowing from 24 m at the top to 12 m at the base. The full
model includes an upstream head tank with an inclined inlet channel, a gate chamber, a 105 m long
upper rectangular chute, a primary vortex shaft, a 289 m long middle rectangular chute, a
secondary vortex shaft, a energy dissipating pool, and a downstream chute. The upper and middle
chutes both feature rectangular cross-sections, while the downstream chute retains the city-gate
profile and extends 812 m. It contains two baffle sills, two crown sills, and three ventilation shafts,
each 4 m in diameter. To prevent recirculation and flow blockage at the tunnel inlet caused by
spiraling motion around the guide piers, the outlets of both the upper and middle chutes are locally
elevated and narrowed, improving flow alignment and reducing backwater effects.
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2. Numerical simulation
2.1 Mesh division

In this study, geometrically scaled numerical simulations were conducted to investigate the
hydraulic performance of tapered and conventional vortex shafts. The computational mesh was
generated using ICEM, with the single-stage configuration comprising approximately 1.3 million
cells. As an example, the meshing result for the conventional single-stage vortex shaft is shown in
Figure 2. For the two-stage configuration, the total cell count reached approximately 1.65 million,
with the mesh distribution for the conventional two-stage shaft presented in Figure 3.Hexahedral
elements were used throughout most of the domain to ensure mesh quality and computational
stability. However, wedge (prismatic) elements were applied selectively in regions with complex
geometry, specifically at the interface between the guide piers and the shaft, as well as the junctions
between the shaft and chute and between the ventilation ducts and chute.

Figure 3. Mesh distribution of the conventional two-stage vortex shaft

2.2Numerical simulation method

In this study, numerical simulations of the vortex shaft were conducted using the Volume of
Fluid (VOF) method combined with the RNG k—¢ turbulence model. The RNG formulation
enhances the accuracy of high-speed flow predictions by refining the dissipation rate (¢) equation
and incorporating the influence of vortex stretching on turbulence characteristics. This improves
the model’s capability in capturing swirling and rotational effects, which are particularly
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significant in vortex-type flows (Yakhot and Orszag 1986). Compared with the standard k—¢ model,
the RNG k—¢ model accounts for both rotation and swirl effects in the mean flow field, resulting
in improved stability of the free surface and more accurate representation of the complex flow
structure within the vortex shaft (Gao et al. 2018). The governing equations for the RNG k—¢
turbulence model are as follows:

K equation:

5(pk)+3(pu,~k)_iﬂ#+& fﬂw_pg
Ot Ox, Ox,

E equation:
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Where:
k——Turbulent kinetic energy (J)
¢ ——Turbulent kinetic energy dissipation rate (W/m>)
o, —The turbulent Prandtl number is taken as 0.7179;

o, —The turbulent Prandtl number is taken as 0.7179;
c,—The empirical constant is taken as 1.68;

Where,  C, =142-7i(1-7/7,)/1+B7F G:,u,(aui/axj+6uj/0xi)8ui/8xj ;
S, =1/2(Gu fox, +u ox ) S =\[25,5,« 71 = Sk/e: n,=438: S=0.012.

2.3 Boundary conditions

In the numerical simulation, the upstream and downstream water levels, as well as the water
levels at the inlet and outlet, were controlled by User-Defined Functions (UDF). The inlet
boundary was specified as a velocity inlet, with the total inflow rate set to 2,300 m?/s based on the
water level and the liquid-phase cross-sectional area of the upstream tank. Pressure inlet
boundaries were applied at the tops of the upstream and downstream tanks, at the ventilation shaft
openings within the vortex shaft, and at the ventilation ducts on the downstream chute. The outlet
was defined as a pressure outlet, and no-slip conditions were imposed on all solid walls. To
improve the stability and efficiency of transient flow calculations, pressure-velocity coupling was
carried out using the PISO (Pressure-Implicit with Splitting of Operators) algorithm (Xie and Xiao
2017).

3.Numerical Simulation Results of the Single-Stage Vortex Shaft
3.1 Hydrodynamic characteristics

To investigate the differences in flow behavior between the traditional and tapered single-
stage vortex shaft configurations, a comparative analysis was conducted based on instantaneous
simulation results at 800 seconds, after the flow had reached a stable state in Figure 4. The results
indicate that significant variations in flow pattern are primarily observed between the shaft and the
second ventilation opening, with notable differences particularly within the vortex shaft itself. In
the tapered configuration, the internal cavity is longer, the air—water interface is more distinct, and
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the flow undergoes a greater number of helical rotations along the shaft wall. This results in an
extended flow path and a more developed swirling structure.
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Figure 4. Comparison of flow patterns between traditional and tapered single-stage vortex shafts

3.2 Velocity characteristics

To systematically investigate the distinct effects of traditional and tapered vertical shafts on
the velocity field within a single-stage shaft system, monitoring planes were established at a height
of 1 meter above the energy dissipating pool bottom, which corresponds to approximately one grid
cell length. At this location, both the peak instantaneous velocity and the time-averaged velocity
were systematically recorded. Furthermore, an additional monitoring plane was positioned at the
outlet of the downstream horizontal spillway channel to capture the mean velocity across the outlet
cross-section. Velocity field data were statistically analyzed over the stable flow interval spanning
500 to 1000 seconds, as presented in Figure 5. Compared to the traditional design, the tapered shaft
reduced maximum velocity along the shaft wall by 7.86%, peak velocity near the energy
dissipating pool bottom by 10.11%, time-averaged velocity at the basin bottom by 3.52%, and
average velocity at the spillway outlet by 21.29%. These results demonstrate that the tapered
configuration more effectively suppresses localized high-velocity zones, improves flow uniformity,
and offers enhanced hydraulic performance for high-head applications.
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Figure 5. Comparative analysis of velocity field data in single-stage shafts (The four categories
on the x-axis denote: (1) maximum velocity along Stage 1 shaft, (2) maximum velocity near
bottom of Stage 1 shaft, (3) average velocity near bottom of Stage 1 shaft, (4) average velocity
at the outlet cross section. )

3.3 Pressure characteristics

To investigate the differential effects of traditional and tapered vertical shafts on the velocity
field, the minimum instantaneous pressure along the shaft wall was analyzed at 800 seconds after
flow stabilization, as shown in Figure 6. Above the aeration section, the longitudinal distributions
of minimum pressure along the shaft wall were largely consistent for both shaft geometries. Below
the aeration section, however, a sharp drop in minimum wall pressure was observed at the end of
the contraction segment of the secondary vortex chamber in the traditional shaft. In contrast, the
minimum wall pressure along the tapered shaft exhibited an increasing trend downstream, reaching
a peak at the elevation of 60 meters.
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Figure 6. Comparison of minimum pressure along the shaft wall in single-stage vertical shafts




To compare pressure fields near the bottom of the energy dissipation pool, time-averaged
pressures on the monitoring plane were extracted from simulations during steady flow between
500 and 1000 seconds (Figure 7). Both shaft types exhibited maximum pressures consistently at
the basin’s four corners. The tapered shaft, however, demonstrated significantly lower maximum
and minimum pressures than the traditional shaft: 709.94 kPa and 655.16 kPa versus 741.83 kPa
and 706.20 kPa, respectively.
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Figure 7. Time-averaged pressure field for single-stage vertical shafts

3.4 Cavitation characteristics

To investigate the differential effects of traditional and tapered single-stage vertical shafts on
the minimum cavitation number along the shaft wall, cross-sectional planes were extracted at 10
meter intervals along the shaft elevation. Data on wall maximum velocity and minimum static
pressure, both critical parameters influencing cavitation characteristics (Liu et al. 2003), were
obtained. The minimum cavitation number along the shaft wall was then calculated using the
following equations and is presented in Figure 3.5.

o, =(H+H,—H,)/(v’/2g)
Where
H, =10.33-V/900

In the equations, H represents the gauge pressure head at the calculation point; H, denotes the
local atmospheric pressure head; H, is the vapor pressure head of water, which varies with
temperature. Based on the long-term average temperature of 16°C at the dam site, H was taken
as 0.185 m for the calculations. u’ / 2g corresponds to the velocity head at the calculation point,
while V represents the local elevation, set to 1843.9 m in this study.

As shown in Figure 8, the traditional vertical shaft exhibits a minimum cavitation number as
low as 0.130 within approximately a 25-meter range near the aeration section, which falls below
the critical cavitation threshold of 0.2, indicating a potential risk of cavitation occurrence (Cai
2023, Zhang et al. 2018, Lei et al. 2011). Similarly, within an approximate 15-meter range near
the end of the contraction segment below the secondary vortex chamber, the minimum cavitation
number reaches 0.143, also below the critical value, suggesting cavitation risk in this region. In
contrast, the tapered vertical shaft demonstrates an increasing trend in the minimum cavitation



number along its length, with the lowest value of 0.209 occurring near the aeration section, thereby
indicating a reduced likelihood of cavitation.
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Figure 8. Comparison of minimum cavitation number along the shaft wall for single-stage
vertical shafts

4. Numerical Simulation Results of Two-Stage Vertical Shafts
4.1 Hydrodynamic characteristics

To investigate the differences in flow patterns between traditional and tapered shafts within
a two-stage vertical shaft system, instantaneous flow results at 800 seconds after flow stabilization
from numerical simulations of both geometries were compared, as illustrated in Figure 9. The
results indicate significant differences in flow regimes between the two configurations.
Specifically, the cavity volume and length in the tapered first-stage shaft are larger than those in
the traditional shaft. However, due to the relatively short contraction and vertical segments of the
second-stage shaft, the flow pattern differences induced by converting this section to a tapered
shape are comparatively minor. Additionally, the downstream horizontal segment of the traditional
shaft exhibits more intense turbulence and a longer cavity length.
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Figure 9. Comparison of flow between traditional and tapered two-stage vortex shafts

4.2Velocity characteristics

To investigate the differential effects of traditional and tapered shafts on the velocity field
within a two-stage vertical shaft system, flow velocities along the shaft wall, near the bottom of
the energy dissipating pool, and at the outlet cross-section of the downstream horizontal spillway
channel were monitored. Velocity field data during the stable flow period from 500 to 1000
seconds were statistically analyzed, as shown in Figure 10. Results indicate that the tapered shaft
consistently outperforms the traditional design across all monitored parameters. In the first-stage
shaft, the tapered configuration reduces wall maximum velocity by 3.00%, bottom maximum
velocity by 13.86%, and bottom average velocity by 10.08%. In the second-stage shaft, respective
reductions are 5.49%, 14.41%, and 12.91%. Additionally, the average outlet velocity is reduced
by 6.94%. These trends align with those observed in the single-stage system, underscoring the
tapered shaft’s enhanced flow moderation capabilities.
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Figure 10. Comparative analysis of velocity field data in two-stage shafts (The seven categories
on the x-axis denote: (1) maximum velocity along Stage 1 shaft, (2) maximum velocity near
bottom of Stage 1 shaft, (3) average velocity near bottom of Stage 1 shaft, (4) maximum velocity
along Stage 2 shaft, (5) maximum velocity near bottom of Stage 2 shaft, (6) average velocity near
bottom of Stage 2 shaft, and (7) average velocity at the outlet cross section.)
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4.3 Pressure characteristics

To investigate the differential impacts of traditional and tapered single-stage vertical shafts
on the velocity field, the minimum instantaneous pressure along the shaft wall at 800 seconds after
flow stabilization from numerical simulations was analyzed, as shown in Figure 11. The results
indicate that within the first-stage shaft, the minimum wall pressures in the vortex chamber section
are nearly identical for both shaft geometries. In the contraction segment, the minimum wall
pressure values are close, and their variation trends are similar. However, significant differences
emerge in the vertical segment, where the minimum wall pressure along the tapered shaft increases
progressively, whereas it gradually decreases from the end of the contraction segment in the
traditional shaft. The minimum wall pressure distribution along the second-stage shaft exhibits a
variation pattern consistent with that observed in the first-stage shaft.To further compare velocity
field characteristics in two-stage systems, time-averaged pressures near the energy dissipating pool
bottom were extracted over the 500-1000 s interval in Figure 12. For both shaft types, peak
pressures occur at the basin corners. The tapered shaft displays a wider pressure range, with a
higher maximum (957.67 kPa) and slightly lower minimum (773.37 kPa), compared to the
traditional shaft (maximum 924.68 kPa; minimum 779.24 kPa).
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4.3 Cavitation characteristics

To examine the influence of traditional and tapered shafts on the minimum cavitation number
along the shaft wall within a two-stage vertical shaft system, cross-sectional planes were extracted
at 10-meter elevation intervals along the shaft. Maximum wall velocity and minimum static
pressure data were obtained, and the minimum cavitation number along the shaft wall was
calculated according to Equation (1), with results presented in Figure 13. For the traditional shaft,
the minimum cavitation number at the pressure slope section of the first-stage shaftis 0.184, falling
below the critical cavitation threshold of 0.2. Given the relatively low height of the vertical
segment in the second-stage shaft and the elevated liquid level therein, the minimum cavitation
number at the contraction segment’s end section is 0.210, slightly above but close to the critical
value, indicating a residual cavitation risk. In contrast, the tapered shaft exhibits minimum
cavitation numbers greater than 0.4 along both the first and second-stage shaft walls, with a trend
of gradual increase along the shaft length.
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Figure 13. Minimum Cavitation Number in Two-Stage Shafts
S.Discussion

Through the comparative numerical investigation presented above, distinct differences in
hydraulic behavior are identified between tapered and conventional vertical shafts, particularly in
terms of flow regime, velocity field, pressure distribution, and cavitation characteristics. In terms
of flow structure, the tapered shaft exhibits a longer air cavity, a more distinct air—water interface,
and a greater number of rotational flow patterns compared with the traditional design. Regarding
the velocity field, critical indicators such as maximum wall velocity and time-averaged velocity at
the base of the energy dissipation basin are consistently lower in the tapered shaft, indicating a
superior capacity for kinetic energy dissipation. With respect to pressure distribution, the minimum
wall pressure in the transition region between the contraction and vertical segments is significantly
higher in the tapered configuration. In single-shaft systems incorporating large-scale dissipation
basins, the extreme values of time-averaged bottom pressure are markedly lower in the tapered
design. By contrast, for two-stage shafts with more compact dissipation basins, the pressure
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extrema are comparable across both configurations, highlighting the pivotal role of basin geometry
in shaping pressure behavior.

Particularly noteworthy is the tapered shaft’s pronounced advantage in suppressing cavitation.
Along the tapered wall, the cavitation number increases monotonically and consistently exceeds
0.4 throughout the two-stage configuration. This is in stark contrast to the traditional shaft, where
a sharp drop in cavitation number is observed near the end of the contraction section, frequently
falling below the critical threshold of 0.2—an indication of elevated cavitation risk.

The fundamental distinction between tapered and conventional shafts lies in how their
geometric forms regulate the flow evolution, as illustrated in Figure 14. From a vorticity dynamics
perspective, the abrupt cross-sectional transition at the contraction outlet in the traditional shaft
causes a sudden deflection in flow direction, resulting in discontinuities in the velocity gradient
tensor (Vu). This disrupts the vortex stretching process (w-Vu), destabilizing the air cavity, blurring
the air—water interface, and reducing cavity volume compared with the tapered counterpart.
Moreover, from a flow stability standpoint, the sudden downstream expansion in the traditional
shaft dramatically increases the rotational radius. According to the principle of angular momentum
conservation, the tangential velocity decreases sharply near the outlet of the vortex chamber and
the transition region between the contraction section and the vertical shaft. This rapid deceleration
generates low-pressure zones that favor flow separation and vortex shedding. As a result, a portion
of the flow plunges directly into the energy dissipation basin, diminishing overall energy
dissipation efficiency and exacerbating localized cavitation.

Traditional Tapered
vortex shaft vortex shaft

[ Rotational

1" Enhancement

\

54} F f:»—“"is%?%\ - |

ﬁk Differences in energy
;\“ N dissipation pathways

!

Shear Dissipation
Secondary Flow Dissipation

I

Tapered vortex shafts
exhibit superior
hydraulic performance

" | Valnerable to -
Cavitation P
and Erosion | |

Figure 14. Flow Evolution in Tapered and Conventional Vertical Shafts

By contrast, the tapered shaft reduces the rotational radius gradually via a smooth contraction
profile. This geometry enhances the coupling between tangential and axial flow components,
establishing a stable helical motion wherein the number of rotations increases progressively with
depth. As a result, the flow maintains high angular momentum upon entering the downstream chute
and dissipation basin, promoting vigorous turbulent mixing and energy loss. This geometry-
induced flow evolution yields three critical performance benefits: first, the intensified centrifugal
force effectively counteracts adverse pressure gradients, significantly suppressing cavitation
inception; second, the elevated shear rate ensures spatially uniform dissipation of turbulent kinetic
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energy; and third, the optimized angular momentum transfer stabilizes the flow field while
extending the water’s rotational path and residence time, thereby enhancing overall dissipation
performance.

These findings offer critical insights for the cavitation-resistant design of vortex-type vertical
shafts in hydraulic engineering. Future studies may incorporate vortex dynamics theory and
multiphase flow simulations to establish quantitative relationships between rotational intensity and
cavitation behavior, thereby providing more precise theoretical foundations for the structural
optimization of vortex shafts.

6. Conclusions

Based on a comprehensive numerical investigation of both single-stage and two-stage vortex
shafts, this study demonstrates that tapered shafts consistently outperform traditional vertical
designs in flow regime, velocity attenuation, pressure stability, and cavitation resistance.The
hydraulic advantages of the tapered vortex shaft stem from its gradually contracting geometry,
which continuously shapes the evolution of the internal flow. By conserving angular momentum,
it modulates the velocity and pressure fields and thereby stabilizes high-intensity swirling motion,
extends the flow path, enhances kinetic energy dissipation, and effectively suppresses the
formation of low-pressure zones. Collectively, these effects substantially improve the shaft’s
cavitation resistance and structural applicability.

Compared with the traditional design, the tapered shaft promotes the development of a longer
and more coherent central cavity, characterized by a stable air—water interface and a more uniform,
organized spiral descent. The number of rotational cycles increases markedly, reflecting enhanced
vorticity structuring. Velocity analysis reveals that the tapered design reduces flow intensity. In
the single-stage system, maximum wall velocity and the maximum and average velocities near the
energy dissipating pool floor decrease by 7.86%, 10.11%, and 3.52%, respectively. In the two-
stage configuration, average flow velocity at the base of the first and second shafts decreases by
10.08% and 12.91%, demonstrating improved Kinetic energy dissipation. The pressure field within
the tapered shaft is smoother and more continuous, with minimum wall pressure rising steadily
along the shaft, thereby mitigating abrupt pressure drops and reducing cavitation risk. By contrast,
the traditional shaft exhibits pronounced local pressure minima, especially at the contraction—shaft
junction, caused by sharp geometric transitions. Although the tapered shaft shows slightly higher
peak bottom pressures in the two-stage system, it achieves lower minimum pressures overall,
resulting in a more balanced and structurally favorable pressure distribution.

Regarding cavitation behavior, the minimum cavitation number along the tapered shaft wall
consistently exceeds the critical threshold of 0.2 and increases with depth. In the single-stage
configuration, the lowest cavitation number reaches 0.209; in the two-stage design, both shafts
maintain values above 0.4, indicating strong cavitation suppression. By contrast, the traditional
design exhibits cavitation-prone regions: in the single-stage structure, the cavitation number
remains below 0.2 across a 40 m stretch encompassing the aeration zone and contraction outlet. In
the two-stage case, the lowest value drops to 0.184, well below the safe threshold.

In summary, the tapered vortex shaft’s gradually contracting profile optimizes internal flow
structure and mitigates the development of low-pressure zones, thereby reducing cavitation and
associated erosion risks. These findings offer a scientific foundation for the structural optimization
of vortex shafts under extreme hydraulic conditions.
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