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To investigate the differences and similarities in vortex and cavity
characteristics between translational and rotational domain hydraulic
machines, the NACA0009 hydrofoil and a self-designed impeller blade were
selected as representative cases in the translational and rotational domains.
STAR-CCM+ software was utilized to simulate the multiphase flow, and the
experimental results of NACA0009 hydrofoil from EPFL were employed to
validate the accuracy of the simulation. The following conclusions were
drawn from the analysis of the simulation results: Firstly, both types of
hydraulic machinery generate similar vortex types, including the tip leakage
vortex (TLV), tip separation vortex (TSV), and secondary tip leakage vortex
(S-TLV). However, each type also exhibits unique vortices, such as the
perpendicular vortex (PV) in the translational domain and the trailing edge
vortex (TEV) in the rotational domain. Secondly, the TLV is initially weak
but continuously absorbs other vortices, thereby strengthening itself as it
develops. Additionally, the blades in the rotational domain must achieve a
higher speed to produce the same level of cavitation as those in the
translational domain. Finally, the attached cavitation (AC) on the blade
surface is repelled by the spin of the TLV, which cannot promote the
generation of tip leakage vortex cavitation (TLVC). The primary source of
TLVC is the tip separation vortex cavitation (TSVC). The strengths of
cavitation and vortices differ between the rotational and translational
domains, leading to varying effects on the equipment.

Key words: hydraulic machinery, numerical simulation, vortex, cavitation

1. Introduction

Vortex and cavitation in hydraulic machinery are two critical hydrodynamic phenomena that
significantly impact engineering applications. Vortex is typically defined as a region of rotating flow
created by the movement of fluid. This phenomenon can lead to several undesirable effects, including
reduced equipment performance, increased vibration, and potential damage to mechanical components.
Additionally, the formation and development of vortices can result in flow separation, which may
subsequently cause vortex cavitation. The emergence, growth, and eventual collapse of cavities can
lead to decreased equipment performance, elevated noise levels, and even wear on blade surfaces.
These phenomena are associated with the instability of fluid motion and dynamic pressure fluctuations,
particularly under conditions of high-speed flow or significant pressure differentials. Therefore,
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effective management of vortices and cavitation is essential to ensure the safe operation and long-term
reliability of hydraulic machinery.

Xie et al. [1] demonstrated that the generation and shedding of vorticity during tidal power
generation would result in sudden changes in the hydrodynamics of a hydrofoil, which would dissipate
the tidal energy captured by the hydrofoil and reduce the efficiency of energy capture. Xu et al. [2]
investigated the relationship between the attached vortex on a hydrofoil and the lift force of the
hydrofoil. Zhang et al. [3] conducted experiments to investigate the cavitating fluid-structure
interaction of composite hydrofoils with different ply angles. Liu et al. [4] employed various
turbulence models to examine the cloud cavitation state around Clark-Y hydrofoils and compared the
results with experimental data. Liu et al. [5] examined the interaction between cavities and vortices in
NACAO0009 flexible hydrofoils by integrating simulation and experimentation. Dular et al. [6]
employed computer-aided image processing to quantify cavitation erosion in hydrofoils and
established a relation between the characteristics of cavitation structures and cavitation damage.
Kumagai et al. [7, 8] and Murai et al. [9] investigated the phenomena of wave breaking and bubble
generation on the free surface of two-dimensional cylinders during movement and developed a device
used as a bubble generator for drag-reducing ships, which demonstrated effective drag reduction.
Zhang et al. [10] and Zang et al. [11] investigated the cavitation shedding and evolution mechanism
on the surface of twisted hydrofoils, and emphasized the role of re-entrant jet on cavity shedding.
Zhang et al. [12] proposed a practical method to suppress noise near the capillary outlet by studying
the two-phase flow characteristics of refrigerant in the transition pipe. Hutli et al.[13] researched the
dependency of the jet power and the cavitation intensity on the working conditions of the cavitating
and non-cavitating jet flow. Qin et al. [14] conducted a numerical analysis of the separated vortex
simulation to study the vortex instability of the wake of the preswirl pumpjet propulsor. Zhang et al.
[15] employed vortex generators in front of the impeller to investigate the changing trend of the inlet
vortex and its influence on the axial flow pump. Zhang et al. [16] applied the Omega method to
investigate the behaviour of reversible pump turbines. This approach enabled the identification and
comparison of vortices under various operational modes. Zhang et al. [17] has identified the shape and
distribution of vortices in axial flow pumps based on Q criteria and the Liutex method, and analysed
the interaction between impeller and vortices. The findings of Shi et al. [18] indicated that an increase
in cavitation would have a significant negative impact on the performance parameters of the pump.
Song et al. [19] employed an experimental approach in conjunction with numerical simulation to
investigate the pressure characteristics of floor adhesion vortex FAV and its influence on the pump.
Long et al. [20] conducted research into the characteristics of cavitation wake vortex structures by
combining experiment and numerical simulation. This research discussed the influence of the
cavitation region of tip leakage vortex TLV and impeller suction surface on the structure of the
cavitation wake vortex at different stages of cavitation. Lu et al. [21, 22] undertook research into the
formation and development of cavitation in centrifugal pumps, and analysed the flow characteristics
and pressure pulsation changes in pumps under cavitation conditions. Zhao et al. [23] attempted to
prevent the generation of cavitation in a centrifugal pump by adding barrier blocks to the blade.

These scholars conducted research on the vortex and cavitation characteristics of hydrofoils,
pumps, and other hydraulic machinery, and put forward their own views about them. Their work
encompasses the impact of vortex and cavitation generation and shedding on equipment performance,
the interplay between cavitation and vortex, and the influence of equipment structure on the genesis of



both phenomena. Nevertheless, their studies on vortex and cavitation are limited to the analysis of
specific fluid machinery, namely translational domain machinery, such as hydrofoils, and rotational
machinery, such as pumps. There is a paucity of research investigating the distinctions in the
characteristics of vortex and cavitation between these two hydraulic machinery. In order to conduct a
comprehensive investigation into this issue, this paper will use NACAQ009 as a case study for the
translational domain and a self-designed impeller blade as a case study for the rotational domain. The
findings of this research project regarding the similarities and differences in the characteristics of
vortex and cavitation across various types of fluid machinery will serve as a point of reference for
subsequent research in this field.

2. Fundamental governing equation
2.1. Continuity equation and momentum equation

This paper employs the Reynolds Average Navier-Stokes method(RANS), to conduct both
steady-state and transient-state numerical simulations. This method ignores the effects of turbulence
pulsation at all scales and only solves the average motion, thus greatly shortening the calculation time.
The governing equation comprises a continuity equation and a momentum equation, expressed as
follows:

o 2m) _ o
ot OX.

]

ou.  o(uu 10 190 ou.
—+ ;) ) ——p+——(y—')+fi 2)
ot c?xj PO pox; O

Where p is the density, u is the velocity, p is the pressure, u is the dynamic viscosity, i, j can
take values of 1, 2, 3, representing X, y, z, respectively, f; represents the volume force term, such as

gravity.
2.2. Turbulence model equation

Given that the turbulent viscosity u in the momentum equation is unknown, it is necessary to
introduce a turbulence model in order to solve for its value. The turbulence model employed in this
paper is the SST k- turbulence model[24], which combines the respective advantages of k-w
turbulence model and the k-¢ turbulence model. The mixed function F; is introduced as the control,
and the k- turbulence model is employed to calculate the viscous bottom layer directly on the near
wall, while the k-¢ turbulence model is used to enhance stability on the far wall. On this basis, the
mixing function F, is introduced to correct the turbulent viscosity x4, so as not to overpredict the
viscosity. The governing equation is as follows:
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Among these, C#, a,p, 0,, O areempirical constants, and their sizes can be dynamically
weighted by F1.[26]

2.3. Cavitation model equation

In this study, the Schnerr-Sauer cavitation model is employed[25], wherein the phase transition
rate is expressed as follows:
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In the case where the saturated vapor pressure p,=3170Pa, seed density no=1x10%2, Ry is the
bubble radius. Fvap and F_,, are respectively the evaporation and condensation coefficients. The
default values in STAR-CCM+[26] are both 1.

3. Geometric model and boundary conditions
3.1. Translational domain

In the section of the paper concerning the translational domain, the NACAQ0009 hydrofoil case
study presented by Dreyer et al. [27,28] is employed as a reference. This case will produce very
typical vortex structure and cavitation phenomenon. At the same time, detailed experimental data,
including cavitation images and velocity field data, are disclosed in the paper to verify the accuracy of
the simulation results. In this paper, a case with the most significant cavitation and vortex is selected,
the geometric dimensions and boundary conditions are illustrated in Fig. 1. The section of the airfoil is
NACAOQ009, the chord length is 100mm, the wingspan is 140mm, the angle of attack is 10°, and there
is a gap of 10mm between one side and the wall. In the experimental verification case, the pressure
edge is rounded to aradius of Imm. The length of the basin is 750mm, the inlet and outlet are 150mm
X150mm rectangular, and the distance between the hydrofoil and the inlet is 200mm. The inlet
velocity Vinet=10m/s, and the outlet pressure pouter=1bar. With the exception of the side wall on the
gap side, which is non-slip wall, the remaining three side walls are sliding walls.
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Figure 1. Hydrofoil geometric parameters and boundary conditions

3.2. Rotational domain

A comparative study of vortex and cavitation in the translational and rotational domains
necessitates the design of an impeller with analogous parameters for the NACAQ0009 hydrofoil, as
illustrated in Fig. 2. The impeller is constituted by a single blade, the outermost chord length is 100
mm, the angle of attack is 10°, and the gap with the side wall is 10 mm, in order to ensure that the
parameters in the two domains are consistent as far as possible. The rotational domain case presented
in this paper is conducted within the impeller hydraulic performance test apparatus, as show in Fig.
3(a). The device was designed by our team based on the axial flow pump, and its structure was greatly
simplified. The internal blade is made by 3-D printing for easy replacement, which allows for the
analysis of the influence of different design parameters on the hydraulic performance of the impeller.
The boundary conditions of the impeller hydraulic performance test apparatus are defined as
illustrated in Fig. 3(b). The flow field is comprised of three domains: the rotational domain, the water
domain, and the air domain. Internal interfaces are added between each domain. With the exception of
the symmetric plane used for the opening, all other planes are set as non-slip wall surfaces. The the
working pressure pq is set at 1bar, with the rotational domain and the water domain are set as rotation.
At the rotational speed n of 1200r-min™, 1800rmin™, 2100r-min™ and 2400r-min™, the blade tip
velocity Vy, can reach 11.31m-s™, 16.96m-s™, 19.79m-s™ and 22.62m-s™, respectively. This is then
compared with the working condition of 10m-s™ in the translational domain.
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Figure 2. Parameter diagram of translational domain and rotational domain
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(b)Geometrical parameters and boundary conditions of the rotational domain

4. Simulation result verification
4.1. Translational domain verification

The solver employed in this study is STAR-CCM+ 2306[26], which features a robust mesh
adaptive partitioning function that can effectively reduce the time spent on grid partitioning. This
study employs the experimental data from Dreyer [27, 28] as a benchmark to validate the accuracy of
the software. Furthermore, three distinct schemes were developed for comparative analysis. Schemes 1
and 2 employed software ANSYS ICEM to generate hexahedral grids, which were separately imported
into STAR-CCM+ and ANSYS CFX for solution. Scheme 3 utilised polyhedral grids, which were
divided by STAR-CCM+. The distribution of correlation grids in horizontal and vertical directions is
shown in Fig. 4, he upper left corner is hexahedral structured grid generated using ANSYS ICEM, and
the lower right corner is a polyhedral grid generated by STAR-CCM+. Both are encrypted at the gap,
but the STAR-CCM+ encryption is more flexible, with the case used in this paper encrypting the gap
twice according to the importance of the actual situation. In comparison with ANSYS ICEM, the
STAR-CCM+ mesh partitioning method allows users to adjust the mesh density distribution flexibly,
effectively reducing the time and number of mesh partitions, and the burden on users and computers.
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Figure 4. Hydrofoil grid division diagram



Figure 5a depicts the velocity cloud image of the cross-sectional flow direction (x-direction) at
x/c=1 downstream of the hydrofoil. It can be observed that although the total number of polyhedral
grids divided by STAR-CCM+ is not as optimal as the structured grids of ANSYS ICEM, its accuracy
can still meet the necessary requirements after careful encryption by users. The simulation results
obtained without cavitation are used as initial values to solve the cavitation conditions. The results are
presented in Fig. 5b, which demonstrates that the simulated TLV cavitation is consistent with Dreyer's
experimental results[27,28]. Given the good performance of STAR-CCM+ in hydrofoil simulation, the

rotation domain is also simulated using this software.
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4.2. Rotational domain verification

Four grid division methods were employed to generate distinct grids for the rotating field
experimental equipment. Among these, grids 2, 3, and 4 were subjected to local encryption, while
grids 3 and 4 were globally encrypted to varying degrees on the basis of grid 2. The grid distribution is
illustrated in Fig. 6a.

Figure 6b illustrates the grid-independent distribution of the four sets of grids at varying speeds,
including the lift curve generated by the impeller and the flow field at 0.25s. Following a comparative
analysis, it can be observed that the lift curves of grids 3 and 4 exhibit the greatest consistency, with
the liquid surface heights being almost identical. Given the computational time constraints, the
simulation data of grid 3 is ultimately selected for further processing.

Figure 6c illustrates the gas-liquid interface state between the experimental device and the
simulator at three different rotational speeds. The similarity between the two is notable, including the
liquid column height and shape, which provides a degree of assurance regarding the accuracy of the
simulation.
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Figure 6. Simulation result verification; (a) grid distribution
(b) grid independence verification (c) comparison of phenomena
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5. Analysis of numerical simulation results
5.1. Vortex contrast

Figure 7 illustrates the vortex structure and the velocity distribution of the vortex surface at
different velocities in the translational and rotational domains, respectively. As shown in Fig. 7a, when
the inlet velocity of the translational domain (Vine=5m-s™), the Tip Leakage Vortex (TLV) [29]
exhibits an obvious vortex structure, although its intensity is relatively weak. Concurrently, a
considerable number of Tip Separation Vortexes (TSVs) [30] accumulate at the tip of the blade. These
normally develop into Secondary Tip Leakage Vortex (S-TLV) [31] in the middle of the blade.
However, due to the entrainment effect of TLV, S-TLV is carried away from the surface of the blade
and cannot form a stable structure. However, the strength of TLV at this time is still relatively weak,
so it is unable to absorb the S-TLV, so S-TLV only rotates around the movement path of TLV. When
the import speed Vinlet is further increased to 7m-s*, TLV, S-TLV and TSV are all enhanced, and
TLV has been able to absorb part of S-TLV to strengthen itself, thus extending its development
distance. Secondly, the enhancement of TSV results in its distribution spreading to the rear of the tip.
Under the influence of leakage flow, the redundant TSV turns into the second S-TLV (S-TLV-II) at
the tail of the hydrofoil. This vortex's direction undergoes a change from a horizontal direction to a
vertical direction as a consequence of the enrolling action of TLV. This vortex was designated as the
Perpendicular Vortex (PV)[32-34]. At inlet velocities of 10m-s™ and 12m-s™, TLV absorbs TSV at
the blade tip to strengthen itself, resulting in a significant increase in strength and potential for further
development. In contrast, S-TLV lacks the space to develop and its structure is invisible. As the
increase in flow velocity will directly lead to an increase in TSV generation, the absorption of TLV
also reaches its the upper limit, TSV covers the tip of the blade, and the TSV at the back of the tip is
all absorbed by PV, which is greatly enhanced. Even if PV is entrained by TLV, it cannot be
completely absorbed, and a certain PV structure can still be maintained.

The development of vortex in the rotation domain differs from that in the translational domain.
As illustrated in Fig. 7b, when the rotational speed is n=1200r-min™, the tip velocity Vyp reaches
11.31m-s*, which is similar to the flow situation in the case where the inlet velocity Viye=5m-s™.
However, the TLV intensity is considerably weaker than that observed in the translational domain. In
contrast to the case of Vi=5m-s™, a weaker TLV allows for the development of S-TLV in a position
analogous to the translational domain, with a markedly enhanced intensity. In contrast to the
translational domain, the vortex at the trailing edge is driven toward the tip of the blade by the
centrifugal force present in the rotational domain. Upon vortex reaches the tip of the blade, it is no
longer protected by the trailing edge and begins to move, driven by the gap leakage flow, ultimately
becoming the Trailing Edge Vortex (TEV). The TEV can be divided into two parts. The upper TEV is
subject to stronger leakage flow, which results in a greater strength of TEV. Furthermore, the strength
of TEV is positively correlated with the leakage intensity. In contrast, the strength of the lower TEV is
not significantly influenced by the leakage flow, and its strength is not contingent on the impeller
speed. It is generated exclusively by centrifugal force and cannot be augmented by leakage flow. By
contrast, the absence of centrifugal force in the translational domain precludes the formation of TEV
structures. Upon increasing the rotational speed to n=1800r-min™, the tip velocity reaches 16.96m-s™,
This is accompanied by an increase in the intensity of the TLV, S-TLV, TEV and TSV, which can be
attributed to the influence of enhanced leakage flow. Moreover, the S-TLV, TEV and the original TLV
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are intermixed in the posterior region of the blade, with the vorticity continuously transmitted from the
other vortices to the original TLV. This results in a more powerful TLV. As the clearance leakage
flow increases, the number of TSVs generated and occupying positions also rises. Concurrently, the
position of S-TLV generation gradually shifts backwards, accompanied by a corresponding backward
movement of the position of TLV absorption. Upon further increasing the rotational speed to
n=2100r-min™, the S-TLV and TEV are absorbed by TLV at the same position. At n=2400r min™,
TLV is greatly enhanced, and TSV can be directly absorbed from the tip of the blade, with the
generation of S-TLV no longer possible.
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Figure 7. Vortex surface veloc:|ty; (a) translational domain (b) rotational domain
5.2. Cavitation contrast

Given that the rotational domain experimental equipment designed by our team in this paper is
already a gas-liquid two-phase flow, the use of the cavitation model in its direct form will result in the
three phases of vapour, air and water interacting. This will considerably increase the complexity of the
simulation and reduce the stability of the calculations. Under normal circumstances, just like the
translational domain, we will use the stable flow field data without cavitation as the initial value, and
then conduct the numerical simulation of the flow field with cavitation, which can effectively improve
the accuracy of the numerical simulation and ensure convergence. However, for our rotating domain
device, it also involves the gas phase, even if cavitation model is not used, the simulation of the
interaction between water and air will lead to strong transient characteristics of the flow field, which
means that we cannot provide a stable flow field data as an initial value for simulation with cavitation.
Therefore, a new method is proposed in this paper. Firstly, a gas-liquid two-phase transient simulation
of the device is conducted, during which the lift curve and associated phenomena are observed and
recorded. Subsequently, the air domain within the flow field is removed, and a single-phase steady-
state simulation is carried out in place of a multi-phase steady-state simulation. This approach allows
for the enhancement of the stability of the simulation. Finally, the flow fields of steady-state and
transient simulations were compared. An iteration that is as close as possible to the transient flow field
was selected as the initial value for the cavitation calculation. Figure 8 illustrates the lift curve, vortex
structure, and relevant data of the gas-liquid interface for the two simulation methods.

As illustrated in the accompanying Fig. 8, when the liquid level reaches the surface of the
impeller, the lift force generated by the impeller is significantly diminished, and the intensity of the
vortex is also reduced due to the infiltration of air. When t<0.1s, the liquid level changes are not
significant at the three high rotational speeds, the lift is stable, and the vortex structure is at its
strongest state. In contrast, in the case of n=1200r-min™, the vortex develops to a relatively completely
until 0.2s. A comprehensive comparison was conducted between the lift curve, vortex structure, and



gas-liquid interface of the two simulation methods under different speed conditions. The appropriate
steady state results without cavitation were selected as the initial values to simulate the flow field with
cavitation.
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Figure 8. Steady state initial value selection for cavitation simulation

Figure 9 illustrates the cavitation isosurface and theoretical circumaxial velocity of the blade
surface of the vortex generator under four rotational speeds. At a rotational speed is 1200r-min™, while
the velocity at the tip of the blade can reach 11.31m-s™, this velocity threshold cannot be reached at
other locations, resulting in a pressure drop that is insufficient to meet the cavitation requirements.
Consequently, only a small, almost invisible void mass was formed at the leading edge of the tip. As
the rotational speed increased to 1800r-min™, the tip velocity reached 16.96m-s*, and the Tip
Separation Vortex Cavity (TSVC) began to take shape. The region of theoretical circumferential
velocity V.,>14m-s™ on the suction surface generated Attached Cavity (AC)[35]. As the rotational
speed was increased to 2100r-min™, the circumferential velocity at the tip of the blade reached
19.79m-s™, and the distribution range of TSVC was found to have increased. All parts of V>12m-s*
on the suction surface generate AC, almost covering the front of the blade. Upon reaching the
rotational speed reaches 2400r-min™, the tip velocity reaches 22.64m-s™, resulting in the generation of
a considerable amount of TSVC at the tip of the blade. This subsequently forms a Tip Leakage Vortex
Cavity (TLVC) upon being sucked up by TLV. At this speed, the blade suction surface experiences a
significantly higher velocity than 12m-s™, resulting in a substantial pressure drop. This leads to the
generation of a considerable quantity of AC, which occupies approximately half of the suction surface.

[

4w
[

00
Time [s]

[ a=01 Ve [ms] 0 . 24
i
\
i i _ISVC
@ .. =R AC
| A R | ARG
w\‘ i P [ILve - 5
TSVC TSV TSvcC
n 1200 r-min’! 1800 r-min! 2100 r-min’! 2400 r-min’!
Viip 11.31m-s" 16.96m-s’! 19.79ms’! 22.62m-s’'

Figure 9. Blade cavitation distribution at different rotational speeds in rotational domain
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Figure 10 illustrates the comparative analysis of cavitation phenomena in the translational and
rotational domains at varying speeds. As illustrated in Fig. 10a, the increase in rotational speed results
in a significant rise in the AC on the suction surface of the blade. However, the TLV exerts a repulsive
influence on the AC on the suction surface due to its spin velocity. Concurrently, the rotation domain
will impart a centrifugal force upon the fluid and the cavity. The combined action of these two forces
results in the accumulation of AC on the suction surface in the radial middle of the blade, which
cannot be absorbed by TLV. Therefore, the existence of AC does not greatly promote the formation of
TLVC. It can be observed that there are two principal factors involved in the generation of TLVC. The
first of these is TLV, while the second is TSVC. In order for the entrainment effect of TLV to be
effective on TSVC, it is necessary that the TLV is in close proximity to the tip of the blade, that the
TLV strength is sufficiently large, and that the TSVC can be extended to the position affected by TLV
entrainment.

Since the generation of TLV is primarily dependent on the tip leakage flow[29], and as a result,
its intensity increases with the position of the string length. As illustrated in Fig. 10b, when the
incoming flow velocity is Vine=9m-s*, the intensity of the gap leakage flow is low, and the growth
rate of TLV is slow. An increase in the velocity of the inlet results in a strengthening of the initial
strength of TLV, an acceleration of the growth rate, and a faster reaching of the intensity threshold for
absorbing TSVC. Consequently, the position of TLVC at birth is gradually advanced. Nevertheless,
the strength of TLVC generated by this method remains relatively low. As previously stated, the
nascent TLV will gradually strengthen itself by absorbing other vortex systems on numerous
occasions, and thus will TLVC. The initial position of TSVC is at the lower side of the tip of the
blade. However, under the influence of incoming flow and leakage jet, TSVC will move backward
along the tip of the blade, gradually strengthening until it reaches the upper side of the tip. At this
point, the well-developed TSVC will suddenly be absorbed by TLV, enhancing the intensity of TLVC
at this position.
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Figure 10. Cavity surface radial velocity; (a) rotational domain (b) translational domain

11



In conclusion, it can be stated that as long as the flow rate reaches the threshold, hydraulic
machinery in both the rotational domain and the translational domain will generate a certain degree of
vortex and cavitation in its interior. However, since the circumferential velocity of the rotational
domain is not uniformly distributed along the radial direction, even if the velocity at the tip of the
rotating domain reaches the same level as that of the translational domain, its vortex strength and
cavitation degree are significantly less than that of the translational domain. It is more probable that
hydrofoil structures in the translational domain will form high-strength cavitation and vortex than
those in the rotational domain. However, the vortex and cavitation in the translational region mach
will move along the flow path under the action of the inlet flow. This will result in the cavitation
weakening its erosion effect on the hydrofoil structure after being pushed away from hydrofoil.
Furthermore, the direction of the vortex in the translational domain is aligned with that of the flow
channel, which mitigates the impact of the vortex on the flow channel blockage. In contrast, the vortex
and cavitation in the rotating domain are more prone to accumulation in the blade region subsequent to
their generation. Concurrently, in the context of rotary machinery, such as axial flow pumps, the flow
channel is axial, so the vortex distributed along the circumferential direction are more prone to
obstruct the flow channel, and impacting the performance of the equipment. The characteristics of
vortex and cavitation in rotational and translational domain hydraulic machinery exhibit both
similarities and differences. If we want to improve the performance and service life of the equipment
by optimizing the structure, we must take into account the type of the domain, and we can not
mistakenly apply the results of the translational domain to the rotational domain. However, there are
still many contents that we haven't research. For example, under extreme working conditions, the
cavitation and vortex characteristics of the two may be different. The equipment used in the case of
rotation domain in this paper is designed with reference to axial flow pumps, and the situation may be
different for other rotational domain hydraulic machinery, such as centrifugal pumps.

6. Conclusions

The STAR-CCM+ software was utilized for mesh generation and flow field simulation.
Experiments conducted by Dreyer et al. [27, 28] and our grid independence verification demonstrated
that the simulation effect of the 3.4 million grid was optimal and the computing power consumption
was minimal. Subsequently, this grid was employed to simulate the flow field at various speeds, and
the simulation of the hydrofoil in the translational domain was introduced for comparative analysis.
The conclusions are as follows:

*  Both the rotational domain and the translational domain exhibit a multitude of identical vortices,
including TLV, TSV, and S-TLV. However, there is a distinction exists between PV, which forms
at the tail of the translational domain due to the entrainment of TLV, and TEV, which is
generated at the trailing edge of the rotational domain due to centrifugal force.

*  The strength of the TLV is initially weak; however, it continuously absorbs other vortices, which
enhances its strength during the process of backward development.

* In order to generate the identical vortices and cavitation in the rotational domain, a higher speed
is necessary. This requirement arises from the uneven velocity distribution in the radial direction
within the rotational domain. As the speed increases, the AC distribution will be gradually
develop from the outer region toward the inner region.
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* AC does not significantly influence the generation of TLVC. This is because TLV exerts a
repelling effect on the AC at the suction surface. The generation of TLVC primarily depends on
TLYV for the absorption of TSVC from the gap.

* In comparison to the rotational domain, the translational domain is easier to form vortices and
cavitation. However, due to the inherent structural differences between the two domains, vortices
in the rotational domain exhibit a more pronounced blockage effect on the flow channel. In
contrast, in the translational domain, the inlet flow effectively removes cavitation from the
surface of the hydrofoil, thereby mitigating its impact.
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Nomenclature

c — chord length, [mm] \Y — water velocity, [m*s™]

F — lift force, [N] Vinet ~ — inlet velocity, [m-s™]

Fuap — evapouration coefficient, [-] Viip — blade tip velocity, [m-s™]

Feond — condensation coefficient, [-] Ve - the(l)retical circumferential velocity,

[m-s7]

k — turbulence kinetic energy, [m?-s?] vV, — radial velocity, [m-s™]

m* — evaporation rate, [%] Greek symbols

m- — condensation rate, [%] o — angle of attack, [°]

n — revolving speed, [r'min™] a — water volume fraction, [-]

No — seed density, [-] Oy — vapour volume fraction, [-]

P« — the turbulence generation term caused € — turbulence dissipation rate, [%]
by viscous force, [kg-m™s?]

p — pressure, [Pa] U — dynamic viscosity, [Pa‘s]

Po — working pressure, [Pa] mn — turbulent viscosity, [Pas]

Pouter  — OULtlet pressure, [Pa] p — density, [kg-m™]

pv — saturated vapour pressure, [Pa] w — specific dissipation rate, [s"]

Q — Q criterion, [s7] Subscripts

Rp — the radius of a single bubble, [m] I — liquid

t —time, [s] v — vapour

u — velocity, [m/s] mag  — magnitude
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