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Abstract: Cavitation is one of the most important aspects of the stable and safe operation of a
centrifugal pump. To examine the dynamics of cavitation vortex in a centrifugal pump, the cavitating
flow is investigated by using the modified shear stress transport (SST) k-ω turbulence model with
the Zwart cavitation model. The numerical results are confirmed by comparing them with those
obtained from experimental tests. The results show that there is a critical cavitation number of σc

at each flow rate condition. As the cavitation number σ exceeds σc, the pump head remains stable.
Conversely, the head rapidly decreases when the σ falls below σc. As the σ decreases, the pump
experiences successively incipient cavitation, slight cavitation, and severe cavitation. At the stage of
severe cavitation conditions, the vortex structures are generated at the tail of cavitation in the flow
passage. The vorticity transport method is employed to analyze the vortex dynamics, and it is found
that the vortex area contains high vorticity. The dominant contribution to the generation of vorticity
comes from the vortex stretching and dilation terms acting in different directions. The contribution of
the baroclinic torque to vorticity generation at the vapor-liquid interface is significant. The Coriolis
force has a negligible impact on vorticity transport.

Keywords: centrifugal pump; cavitating flow; vorticity transport; vortex dynamics

1. Introduction

The centrifugal pump is widely utilized in diverse fields such as agricultural irrigation,
water supply, the petrochemical industry, aerospace, and more [1]. With the development of
industrial progress, high efficiency, stability, and low noise have become crucial indicators
for evaluating the performance of a centrifugal pump [2,3]. Cavitation is an important factor
influencing the operating stability and efficiency of centrifugal pumps [4–6]. When the
pressure at a particular location falls below the saturated vapor pressure, rapid expansion
of the cavitation nucleus occurs within the fluid, leading to the formation of cavitation
bubbles. The presence of cavitation bubbles, along with their formation, growth, and
eventual collapse, leads to the disorder of the flow field within the centrifugal pump and
induces the occurrence of cavitation vortex [7,8].

In the early studies, scholars mainly observed cavitation using experimental methods.
In their study, Jens et al. [9] conducted experimental investigations on rotating cavitation
in two comparable impellers of a centrifugal pump with low-specific speeds using high-
speed imaging techniques. Their findings suggested that the main cause of cavitation
instability is the interaction between the region of cavity closure and the subsequent blade.
Bachert et al. [10] conducted a study to examine the transient influences of cavitation
in the volute tongue of a centrifugal pump. They employed a combination of particle
image velocimetry (PIV) and fluorescent particles specially designed to investigate the
phenomenon. Kumaraswamy et al. [11] studied an experimental investigation to examine
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the impact of various vane tip shapes on cavitation in a radial flow pump. The study
revealed that there was an increase in efficiency of up to 7.5% at the highest efficiency
operating point as the vane tip shape became rounder.

Capturing the microscopic characteristics of cavitation bubbles within the flow field
poses significant challenges due to limitations in the available experimental equipment.
Computational Fluid Dynamics (CFD) has emerged as a dependable and reliable tool for
conducting comprehensive investigations into the intricate aspects of cavitating flow phe-
nomena in hydraulic machinery, as supported by previous studies [12–16]. Wang et al. [17]
investigated the flow field on cavitation in a centrifugal pump, utilizing the standard
k-ω turbulence model. Their investigation successfully predicted the vibration and noise
resulting from cavitation. In their research, Liu et al. [18] conducted a comparative analysis
of various cavitation models for simulating cavitating flow in a centrifugal pump. Their
findings demonstrated that the Kunz model exhibited higher prediction accuracy compared
to the other two cavitation models across different operating conditions. Tan et al. [19]
utilized a modified RNG k-ω turbulence model to numerically analyze the cavitation of a
centrifugal pump, specifically at low flow rates. Their results indicated that the proposed
method was well suited for accurately simulating cavitation flow under off-design condi-
tions. Li [20] performed a comprehensive analysis of the unsteady behavior of cavitating
flow near the leading edge of centrifugal pump blades. Their study aimed to provide a
detailed understanding of how impeller inlet parameters influence cavitation, particularly
under off-design operating conditions. Tao et al. [21] investigated the impact of various
leading-edge shapes of blades on cavitation in centrifugal pumps using the SST k-ω turbu-
lence model. Their analysis focused on understanding how different blade configurations
affect cavitation phenomena. Fu et al. [22] investigated the cavitation and flow instability
of centrifugal pumps at low flow rates. Their findings indicated that the internal flow dis-
played an irregular low-frequency oscillation because of its unstable behavior. Furthermore,
a significant correlation was observed between the low-frequency pressure fluctuations
and the flow instabilities induced by cavitation under low flow rate conditions.

The occurrence of cavitation in pumps leads to the formation of vortices and fluc-
tuations in pressure, which cause operational instability. Previous investigations had
predominantly concentrated on the analysis of performance deterioration and structural
attributes of cavitating flow. Tsujimoto et al. [23,24] noted that the turbulent characteristics
of the flow field were affected by unstable cavitation. The vortex was generated by cavita-
tion in the flow passage. Consequently, these results induced a fluctuation or reduction
in pump performance. Zhang et al. [25] analyzed the unsteady cavitation cloud formed
by the tip leakage vortex in an axial flow pump model. Their study employed a modified
SST k-ω turbulence model along with the homogeneous cavitation model to investigate
the phenomenon. Huang et al. [26] numerically studied the mechanism of interaction
between cavitation and vortices in a mixed-flow waterjet pump. The numerical findings
demonstrated that the progression of cavitation amplifies the generation of vorticity and
flow instability.

Therefore, it is valuable to explore the dynamics of cavitation vortices to gain a deeper
understanding of the interaction between cavitation vortices and vorticity evolution in
cavitation within a centrifugal pump. This objective is to investigate cavitation vortex
dynamics by analyzing unsteady cavitating flow in a centrifugal pump. The performance
curves of simulations are compared with experimental data to validate the modified shear
stress transport (SST) k-ω turbulence model. Based on the vorticity transport method,
the cavitation vortex dynamics are analyzed. The generation of vorticity is elucidated by
examining the spatial distributions of various vorticity transport terms within the rotating
flow field.
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2. Numerical Method
2.1. Governing Equations

There is a complex two-phase flow of vapor and liquid in the flow passage. The process
of cavitation in a pump induces an unstable vapor-liquid interface. The homogeneous
assumption was adopted, assuming the same velocity and pressure for both vapor and
liquid [27]. Based on the Navier-Stokes equations, the continuity and momentum equations
are presented below in Cartesian coordinates as:

∂ρm

∂t
+

∂

∂xj
(ρmuj) = 0 (1)

∂

∂t
(ρmui) +

∂

∂xj
(ρmuiuj) = fi −

∂p
∂xi

+
∂

∂xj
[(µm + µt)(

∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij)] (2)

where p is the mixture pressure, ui represents the velocity in the i direction, fi is the body
force term in the i direction, and i, j, and k represent the respective directions of the
Cartesian coordinates. µt is the mixture’s turbulent eddy viscosity. The ρm is the density
of the mixture, µm is the viscosity of the mixture, and µt is the turbulent eddy viscosity of
the mixture. The values of ρm and µm are respectively defined in relation to the volume
fraction as:

ρm = αlρl + αvρv (3)

µm = µlρl + µvρv (4)

where ρl and ρv represent respectively the density of liquid and vapor, αl and αv are
respectively the volume fractions of liquid and vapor, and µl and µv are respectively the
dynamic viscosities of liquid and vapor.

2.2. Turbulence Model

In this study, the analysis of the two-phase turbulent flow is performed using the
SST k-ω turbulence model [28]. The SST k-ω turbulence model takes into account the
transmission of turbulent shear force and can accurately predict the flow separation under
adverse pressure gradients [29]. The expressions for turbulent kinetic energy and turbulent
dissipation rate are given by:

∂(ρmk)
∂t

+
∂(ρmujk)

∂xj
= ρmτij

∂uj

∂xj
− β∗ρmkω +

∂

∂xj
[(µm + σkµt)

∂k
∂xj

] (5)

∂(ρmω)

∂t
+

∂(ρmujω)

∂xj
= ρmτij

∂uj

∂xj

ρmα

µt
− βρmω2 +

2(1− F1)ρmσω2

ω

∂k
∂xi

∂ω

∂xi
+

∂

∂xj

[
(µm + σωµt)

∂ω

∂xj

]
(6)

The turbulent eddy viscosity of the mixture is shown as follows:

µt =
ρmk
ω

1

max
[

1
a∗ , SF2

a1ω

] (7)

where a* is the damping coefficient of turbulent eddy viscosity accounting for the correction
of the low-Reynolds-number. a* = 1 in a high-Reynolds-number flow, and a1 = 0.31. S is
the strain rate dimension. F2 is an experience coefficient that equals 1.0 for boundary-layer
flows and 0 for free shear layers.

In this study, the turbulent eddy viscosity based on the SST k-ω turbulence model is
modified by incorporating a mixture density equation proposed by Reboud et al. [30]. The
mixture density equation is expressed as follows [25]:

f (ρm) = ρv + [(ρm − ρv)/(ρl − ρv)]
n·(ρl − ρv) (8)



J. Mar. Sci. Eng. 2023, 11, 1424 4 of 19

(n = constant and n ≥ 1)

Hence, the modified mixture turbulent eddy viscosity [31] is expressed as follows:

µt =
f (ρm)k

ω

1

max
[

1
a∗ , SF2

a1ω

] =

{
ρv + [(ρm − ρv)/(ρl − ρv)]

n·(ρl − ρv)
}

k

max
[

1
a∗ , SF2

a1ω

]
ω

(9)

(n = constant and n ≥ 1)

Coutier-Delgosha et al. [32–34] and Dular et al. [35] proposed n = 10. Liu et al. [36]
adopted n = 10 in their numerical investigation of the hump characteristic of a pump
turbine. For the cavitating flow in the centrifugal pump, n = 10 is employed in this study.

2.3. Zwart Cavitation Model

The cavitation model is employed to depict the evolution of two-phase flow consisting
of vapor and liquid. In this study, the Zwart cavitation model is employed to account for
the influence of vapor nucleus density on evaporation [27].

The transfer equation of the vapor is presented as:

∂(αvρv)

∂t
+

∂(αvρvuj)

∂xj
=

.
m+ − .

m− (10)

The source terms
.

m+ and
.

m− indicate the rates at which evaporation and condensation
occur during the phase transition, correspondingly. These terms are derived from the
generalized Rayleigh-Plesset equation, can be expressed as follows:

.
m+

= Fe
3rnuc(1− αv)ρv

RB

√
2(pv − p)

3ρl
(p ≤ pv) (11)

.
m− = Fc

3αvρv

RB

√
2(p− pv)

3ρl
(p > pv) (12)

where αv denotes the vapor volume fraction, pv represents the pressure of saturated vapor,
Fe and Fc are empirical coefficients associated with the specific phase change processes,
RB represents the typical bubble size in water, and rnuc represents the volume fraction of
the nucleation site.

The research conducted by Zwart et al. [27] served as the basis for this study, and
its findings were validated using three-dimensional cases. For instance, the occurrence of
cavitating flow around a three-dimensional hydrofoil, marine propeller, and inducers [37–39].
The empirical coefficients are given as Fe = 50, Fc = 0.01, RB = 10−6 m, and rnuc = 5 × 10−4.

2.4. Pump Model, Mesh, and Boundary Setup

A single-stage, single-suction centrifugal pump model is employed in the present
study. Table 1 presents the primary parameters. The specific speed and the rotational speed
of the centrifugal pump are 320 and 1480 r/min, respectively. The centrifugal pump in
this study is equipped with five impeller blades. The flowrate at the point of maximum
efficiency is 550 m3/h, and the head is 12.40 m. The centrifugal pump model, as illustrated
in Figure 1, includes the inlet pipe, impeller, pump chamber, volute, and outlet pipe. To
minimize the impact of velocity gradients at the inlet and outlet boundaries, suitable
extensions have been added to the inlet and outlet sections of the centrifugal pump.
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Table 1. Pump parameters.

Parameters Value Unit

Impeller blades number [N] 5 -
Inlet pipe diameter [D1] 0.270 m

Outlet pipe diameter [D2] 0.250 m
Optimum flow rate [Qopt] 550 m3/h

Head [H] 12.40 m
Specific speed [ns] 320 -
Rotating speed [n] 1480 r/min
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Figure 1. Centrifugal pump model. Figure 1. Centrifugal pump model.

The high-quality generation of mesh plays a crucial role in ensuring the accuracy of
numerical simulations, particularly in the complex flow of the impeller and volute. The
mesh generation process is performed using the commercial software ICEM 19.2. Figure 2
depicts the structured hexahedral mesh utilized for the entire computational domain. To
guarantee the reliability of the numerical results, a grid independence test is conducted by
employing four different mesh schemes. The mesh schemes are selected from 2.53 million
to 6.95 million nodes to evaluate the impact of mesh density. Table 2 presents the grid-
independent results. It has been observed that the head and efficiency of the centrifugal
pump become steady when the mesh nodes exceed 5.06 million. The maximum Y plus on
the impeller is below 30, which stratifies the near-wall mesh requirements of the automatic
wall function of SST in CFX [40]. Therefore, mesh scheme 3 with 5.06 million mesh nodes is
selected for numerical simulation under different operating conditions.

Table 2. Grid-independent verification.

Test Cases Mesh Nodes Convergence Precision Head (m)

Case 1 2,534,884 10−5 12.63
Case 2 3,548,873 10−5 12.52
Case 3 5,068,372 10−5 12.51
Case 4 6,955,720 10−5 12.51
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The modified equations are implemented using the CFX expression language and
integrated into the ANSYS CFX 19.2 software for computational fluid dynamics (CFD)
simulations. In the simulation, the impeller region is defined as the rotating domain with a
rotational speed of 1480 r/min, while the remaining parts of the domain are defined as the
stationary domain. To conduct steady simulations, the interfaces between the rotational
and stationary components are defined as frozen rotors. The boundary condition of the
inlet pipe is specified as total pressure, while the boundary condition of the outlet is defined
as mass flow rate. These boundary conditions are employed to determine the operating
conditions of the pump. The different cavitation conditions are obtained by decreasing the
inlet pressure. The convection and diffusion terms in the governing equations are solved
using high-resolution and central difference schemes, respectively, ensuring accurate and
stable numerical computations. The convergence precision is set to 1 × 10−5.

3. Results and Discussion
3.1. Pump Performance Testing

The experimental testing of the centrifugal pump model is conducted in a closed-loop
setup at the National Fluid Machinery Laboratory of Jiangsu University. Figure 3 shows
the centrifugal pump testing bench, including the model pump, motor, inlet valve, outlet
valve, water tank, electromagnetic flow meter, and pressure sensor. The performance curve
is obtained by adjusting the flowrate within the range of 0.3 Qopt to 1.2 Qopt. To ensure
the reliability of the test data, the experiments are repeated three times independently.
The averaged values of the head and efficiency are calculated from the obtained results.
The performance curve obtained from numerical simulation and experimental testing is
compared in Figure 4. The data from the numerical simulation are found to match well
with the experimental data. Under the design conditions, the experimental results show
a head of 12.78 m and an efficiency of 83.93%. In comparison, the numerical simulation
displays a slightly higher head of 13.01 m and a slightly higher efficiency of 85.3%. The
maximum errors for Q-H and Q-η are 5.9% and 4.4%, respectively. The simulation exhibits
slightly higher head and efficiency compared to experimental results at the same flow rate
conditions. The roughness of the blade surfaces is ignored, and the leakage at the wear
ring is not considered. Overall, the numerical method adopted in the present research has
enough accuracy for subsequent analysis.
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3.2. Cavitation Performance Analysis

Previous studies [41–43] show that cavitation in centrifugal pump is mainly observed
at the leading edge (LE) of blades. The results induce a decline in pump performance. As
the σ decreases, the cavitation patterns on the blade surfaces develop from free cavitation
bubbles to sheet cavitation. Figure 5 shows the cavitation curves obtained by numerical
results at flowrates of 0.6 Qopt, 1.0 Qopt, and 1.2 Qopt.

The σ is defined as:
σ =

Pin − Pva
1
2 ρU2

2
(13)

where Pin is the pressure of the pump inlet, Pva is the saturated vapor pressure of the liquid,
ρ is the liquid density, and U2 is the circumferential velocity at the impeller outlet.

Figure 5 shows that the head at different flowrates first decreases slightly with the
reduction of the σ. The head has a sudden drop when the critical value of the σ is reached,
and the cavitation curves show a downtrend with a large slope. In the present study, the
critical value corresponds to σc at a 3% head drop level. The σc increases with flowrates,
and the σc of 0.6 Qopt, 1.0 Qopt, and 1.2 Qopt are 0.102, 0.130, and 0.288, respectively.
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Figure 5. Cavitation performance under flowrates of 0.6 Qopt, 1.0 Qopt, and 1.2 Qopt.

At the stage of incipient cavitation, only weak cavitation bubbles are observed in the
region of the blade inlet. It hardly affects the hydraulic performance and stability of the
pump. For example, the head does not change at flowrates of 1.0 Qopt when σ varies from
0.763 to 0.467. At the slight cavitation stage, the cavitation patterns are steady, and their
location is relatively fixed. Though the cavitation still has no significant impact on the
pump’s performance at this stage, it does induce an unstable vortex. If slight cavitation
persists for an extended period, it can lead to surface erosion due to cavitation. When
the σ reaches the severe stage, the head decreases significantly. The cavitation structures
extend along the blade surfaces. The previous studies [24,43] show that unstable alternating
cavitation occurs on the pressure side (PS) and suction side (SS) of the blade when the
cavity grows to 65% of the width of the flow passage. According to the change in cavity
volume, the cavitation intensity can be classified into three stages: incipient cavitation,
slight cavitation, and severe cavitation. Figure 6 shows the total cavity volume with
the variation of the σ at the design flowrate condition. At high cavitation numbers, the
cavity volume equals 0, indicating that there is hardly cavitation in the impeller. As the
σ decreases from 0.200 to 0.130, there is a gradual increase in the volume of the cavity
within the impeller. Under these conditions, the severity of cavitation is still limited, and
the total cavity volume grows slowly. When the σ decreases from 0.130 to 0.081, the severity
of cavitation gradually increases with a continuous increase in the cavity volume fraction
of the impeller. As the σ is lower, the curve of cavity volume variation has a rising trend
with a large slope. This result indicates that the cavitation severity in the impeller rapidly
intensifies at this stage.

The cavitation patterns at the design condition are investigated in this study. Figure 7
shows the cavitation patterns of the impeller at various stages of incipient cavitation, slight
cavitation, and severe cavitation, and the σ correspond to the stages are 0.467, 0.130, and
0.091, respectively. When the centrifugal pump is at the incipient cavitation stage, Figure 7a
shows that only a small area of cavitation bubbles is generated at the leading edge of
the pressure side. As the σ decreases to 0.130, Figure 7b shows that the cavitating area
extends significantly near the pressure side (as shown in the red dotted line). A large area
of cavitation attaches to the blade surfaces, and the thickness of the cavitation increases
gradually along with the blade chord. Figure 7c describes the stage of severe cavitation in
the impeller. The cavitation structures on the pressure side continue to expand. In addition,
the cavitation structures on the suction side extend to the trailing edge (TE) of the blade to
cover the entire surface. The cavitation structures of neighboring blades are connected. The
flow passages become obstructed, leading to a significant decline in pump performance.
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The development of cavitation in centrifugal pumps leads to energy loss and the
degradation of pump performance. There is the effect of the following two aspects. On the
one hand, the formation of cavitation structures leads to the blockage of the flow passage,
resulting in disorder in the flow field. On the other hand, cavitation structures induce
vortices in the flow passage, which affect the blade loading. This will cause direct hydraulic
losses. The vortical structures in the impeller under different cavitation numbers are shown
in Figure 8. In this investigation, the Q criterion is utilized for the identification of vortices.
The Q criterion method based on the characteristic equation of the velocity gradient tensor
can be described as follows:

λ3 + Pλ2 + Qλ + R = 0 (14)

Hunt et al. [44] used the second matrix invariant Q to identify the existence of vortices
and determined that it is greater than zero.

The Q is expressed as:

Q =
1
2

(
‖ A ‖ 2

F − ‖ S ‖ 2
F

)
(15)

where S is the symmetric component of the velocity gradient tensor, and A is the antisym-
metric component. S and A represent the deformation and rotation components of the
flow field, respectively. The physical meaning of the Q criterion is that the vorticity of the
rotating part is greater than that of the deformed part in the flow field, and the rotating
effect plays a leading role.
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At the stage of incipient cavitation, there is no obvious effect on the vortical structures.
Figure 8a shows that only small-scale vortical structures are observed at the inlet of the
blade. The suction side of the blade exhibits a slender vortical band that extends along the
surface to the trailing edge. As the σ decreases to 0.130, the area of the vortex increases,
and the slender vortex bands gradually increase in scale along the blade. The main vortical
structures are located at the tail of the cavitation structures. Under severe cavitation
conditions, the vortical structures develop further from the leading edge to the middle of
the blade. At the trail of cavitation, the entire flow passage near the outlet of the impeller is
almost entirely occupied by these vortical structures.
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Figure 8. Vortical structures under different cavitation numbers at the design flowrate condition:
(a) σ = 0.467; (b) σ = 0.130; and (c) σ = 0.091.

To further analyze the detailed flow field under different cavitation conditions,
Figure 9 illustrates the distributions of the streamlines and cavitation at the 0.8 span plane
under different cavitation numbers at the design flowrate condition. The span is the
non-dimensionless distance from the front shroud to the back shroud of the impeller.
αv represents the volume fraction of the vapor. λ represents the chord length from the
leading edge to the trailing edge of a blade. At the stage of incipient cavitation, the flow
field of the impeller remains steady. As illustrated in Figure 9a, only weak cavitation is
observed at the leading edge of the blade. These structures have negligible impact on the
flow field. Under the critical cavitation number condition, the flow separation is promi-
nently observed at the leading edge of the pressure side, corresponding to the position of
cavitation structures. Figure 9b illustrates that the length of the cavitation structures on the
pressure side is 0.12 λ. While a large area of attached cavitation is present on the suction
side, and its coverage length is 0.60 λ. The flow passage near the impeller outlet exhibits
disordered streamline patterns, which are attributed to the presence of vortical structures.
Meanwhile, a significant reduction in velocity is observed at the cavitation trailing edge.
At the stage of severe cavitation conditions, the flow separation is strengthened, as is
the formation of cavitation and vortical structures. Figure 9c shows that the entire blade
surfaces are almost attached by the cavitation structures. The flow passage exhibits a higher
degree of turbulence compared to that under critical cavitation conditions. Due to the
interference of cavitation structures in the middle and trailing edges, there is a significant
decrease in velocity, particularly at the flow passage outlet. Due to the influence of vortical
structures, the streamlines deviate significantly (as indicated by the black dotted area),
resulting in a reduction in hydraulic efficiency and a severe decrease in performance.
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3.3. Cavitation Vortex Dynamics Analysis

The cavitation vortex dynamics of the impeller are investigated by using the transport
equation of relative vorticity [45].

D
→
ΩR

Dt
=

(→
ΩR · ∇

)→
W −

→
ΩR

(
∇ ·

→
W
)
− 2∇×

(
ω×

→
W
)
+
∇ρm ×∇p

ρ2
m

+ ν∇2
→
ΩR (16)

where
→
ΩR is the relative vorticity,

→
W is the relative velocity, ω is the rotational angular

velocity, and ν is the kinematic viscosity.
The left term is the change rate of the relative vorticity. On the right of the equation,

the first term is the relative vortex stretching (RVS), which represents the effect of the
velocity gradient on vorticity generation. The vorticity is stretched, twisted, or slanted
when the velocity is varied along the vortex filament. The velocity gradient parallel to the
vortex filament leads to stretched vorticity, and the velocity gradient perpendicular to the
vortex filament leads to twisted vorticity. The second term is relative vortex dilation (RVD),
which is proportional to the velocity divergence of the fluid and represents the influence
of vapor expansion or contraction on vorticity. When a strong vapor-liquid exchange is
present in the cavity, the rotation effect occurs because of the compressibility of the vapor
phase. The third term is the Coriolis force (CORF). The CORF is an inertial force that arises
from the movement of fluid particles relative to a rotating coordinate system, induced by
the rotation of an impeller. As the CORF acts perpendicular to the motion direction of the
object, only the object’s direction of motion is changed without changing its velocity [46].
The fourth term represents the baroclinic torque (BT), which is produced by the difference
in density and pressure in the cavitation region. The fifth term represents the viscosity
diffusion (VISD), which has less impact on vorticity at high Reynolds numbers [47,48].
Thus, the viscosity diffusion term is ignored in this study.

According to the previous analysis, it significantly generates vortical structures when
cavitation occurs in the pump. The vortical structures lead to blockage of the flow passage
and reduction of pump efficiency, especially under severe cavitation conditions. The cavitat-
ing flow field with cavitation numbers of 0.130 and 0.091 at design conditions is selected for



J. Mar. Sci. Eng. 2023, 11, 1424 12 of 19

research in this section. To investigate the impact of cavitation on vorticity components and
vorticity transport terms in different directions, the vorticity is decomposed into the x, y,
and z directions in cartesian coordinates, and its transport terms are analyzed, respectively.
Figures 10 and 11 show the vorticity components ωx, ωy, and ωz at a 0.8 span when the
σ is 0.130 and 0.091, respectively. In Figure 9b, the cavitation structures attach to the blade
surfaces. In addition, the vorticity components ωy and ωz are mainly distributed near the
blade surface under the cavitation number of 0.130. The vorticity at the leading edge of the
pressure side is larger, while the vorticity at the suction side is mainly distributed at the
tail of the cavitation. x is the rotation axis of the impeller, ωx has no obvious distribution
near the pressure side. Figure 9c shows that the gathered vortical structures are observed
at the tail of the cavitation structures. Meanwhile, the high vorticity regions in different
directions are mainly distributed at the flow passage outlet. Due to the instability of the
cavitation structures at the pressure side, the ωy and ωz components also occur obviously
near the pressure side, which leads to the generation of the vortex.
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Figures 12 and 13 show the distributions of vorticity transport terms ωx, ωy, and ωz
when the σ is 0.130 and 0.091, respectively. In the cavitating flow of a centrifugal pump,
cavitation structures will affect the formation and evolution of a vortex. The fluid elements
are weakened by vortex deformation and stretching, which increase angular velocity and
generate vorticity. Figure 12a shows the distribution of the RVS term in the x, y, and
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z directions at the stage of incipient cavitation. The main distribution area is consistent
with the distribution of vorticity in different directions in this cavitation stage. On the
pressure side, it is predominantly distributed near the leading edge. On the suction side,
the RVS is mainly distributed at the tail of the cavitation. The existence of a significant
velocity gradient leads to the stretching or twisting of vortex filaments. Figure 12b shows
the alternately positive and negative distributions of the RVD term in the cavitation bubbles
near the pressure side. This result indicates that the vorticity in different directions is
formed by the expansion or contraction of the cavity. Meanwhile, the RVD term is positive
at the tail of cavitation bubbles on the suction side. In comparison to the terms of the RVS
and RVD, the contributions of CORF and BT to vorticity are relatively less. At the cavity
interface, there is intense vapor-liquid exchange, and the density gradient deviates from the
pressure gradient. The BT contributes to the vorticity, especially at the trail of the cavitation.
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At the stage of severe cavitation conditions, complex vortex structures are observed in
the impeller, leading to obvious blockage of the flow passage. Figure 13a shows that the
vorticity transport terms in the x, y, and z directions are approximately perpendicular to
the distribution of blades in the flow passage. The region of vortex at the tail of cavitation
is the main area of the RVS term. The distribution of RVSx has a large range and a positive
distribution. The RVSy and RVSz have a positive and negative pairwise distribution, respec-
tively. This phenomenon indicates that the stretching and twist of vortex filaments here
are significantly affected by the rotational impeller. Figure 13b illustrates the distribution
of vortex dilation terms in the x, y, and z directions. The distribution of vortex dilation
terms is observed at the cavitation region of the pressure side, especially at the region of the
RVDy and RVDz. This result indicates there is a large vorticity generated by vapor-liquid
exchange here. In addition, the components of the RVD term in the three directions are all
approximately perpendicular to the blade. The structure of the cavitation tail is unstable
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near the vapor-liquid interface. Figure 13c shows that the CORFx is distributed at the
cavitation area of the pressure side and the vortex region of the cavitation tail. Its value
is comparatively small. The distribution of CORFz is obviously observed only near the
pressure side. Compared with the slight cavitation stage, the CORF term contributes less to
vorticity. Figure 13d shows that the BT term is observed in pairs, positive and negative, at
the tail of cavitation. There are different directions on the inside and outside of the cavity
due to the deviation of the density gradient and pressure gradient. The distributions of
BTy and BTz are significantly larger than those of BTx, and its value is decreased compared
with that of the RVS and RVD terms. The contribution to vorticity is much larger than that
of CORF.

4. Discussion

The modified SST k-ω turbulence model and the Zwart cavitation model are employed
for the cavitating flow in a centrifugal pump. The accuracy of the numerical method is
verified by the experimental results of its performance characteristics. The main conclusions
are as follows:

(1) When reducing the cavitation number under different flow rate conditions, the
head remains stable first and drops suddenly at the critical cavitation number. The σc
of 0.6 Qopt, 1.0 Qopt, and 1.2 Qopt corresponds to 0.102, 0.130, and 0.288, respectively. The
critical cavitation number increases with the flow rate. As the σ decreases, cavitation
bubbles are observed in the flow passage.

(2) According to the change in cavity volume, the process of cavitation mainly has
three stages: inception cavitation, slight cavitation, and severe cavitation. At the incipient
stage of cavitation, cavitation structures have negligible impact on the flow field. As the
σ decreases to a critical value, the flow separation is prominently observed at the leading
edge of the PS, corresponding to the position of cavitation structures. The blade on the SS
has a large area of attached cavitation compared to the PS. At severe cavitation conditions,
the flow separation is strengthened, and vortical structures are generated at the tail of
cavitation structures on the suction side. The flow passage exhibits a higher degree of
turbulence compared to that under critical conditions. These results induce blockage of
flow passage and a decline in centrifugal pump performance.

(3) The vortex dynamics in a centrifugal pump at different cavitation numbers are
analyzed based on the vorticity transport method. When the σ is 0.130, the regions with
high vorticity in the y and z directions are predominantly located at the leading edge of
the pressure side and at the trail of cavitation structures on the suction side. There is
no obvious distribution in the x direction. As the σ decreases to 0.091, the entire blade
surfaces are almost attached by the cavitation structures. The vortical structures are mainly
gathered at the flow passage outlet. A high vorticity distribution area also occurs in the flow
passage. The RVS and RVD terms, in different directions, play a leading role in vorticity
generation. The BT term makes an important contribution to the generation of vorticity at
the vapor-liquid interface. The CORF term has the least effect on the vorticity.

(4) The generation of vorticity and the distribution of transport terms are affected by
the cavitation structures. When the pump is in a severe cavitation stage, the distribution
of RVS terms indicates that there is a large velocity gradient at the cavitation bubbles.
This leads to the stretching or twisting of vortex filaments. The RVD term is mainly
distributed at the trail of the cavitation, and the vorticity in different directions is formed
by the expansion or contraction of the cavity volume. As the density of the vapor-liquid
interface changes dramatically at the trail of cavitation structures, the pressure gradient is
significantly different, resulting in the obvious effect on the BT term.
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Nomenclature

σc Critical cavitation number
σ Cavitation number
N Impeller blades number
D1 Inlet pipe diameter, m
D2 Outlet pipe diameter, m
Q Flow discharge, m3/h
Qopt Optimum flow rate, m3/h
H Head, m
ns Specific speed
n Rotating speed, r/min
η Efficiency, %
ρm Mixture density, kg/m3

ui Velocity in the i direction, m/s
fi Body force term in the i direction
µm Mixture viscosity
µt Mixture turbulent eddy viscosity
p Mixture pressure, Pa
δ Turbulent kinetic energy
αv Vapor volume fraction,
µl Dynamic viscosity of liquid
l Subscript that represents the liquid phase
v Subscript that represents the vapor phase
k Turbulent kinetic energy in Equation (5)
ω Turbulent dissipation rate
S Strain rate dimension
F2 Experience coefficient
.

m+ Evaporation term
.

m− Condensation term
Fe Empirical coefficients for the mass transfer term
Fc Empirical coefficients for the mass transfer term
rnu Volume fraction of the nucleation site
RB Bubble size, m
Pin Pump inlet pressure, Pa
Pva Saturated vapor pressure of the liquid, Pa
ρ Liquid density,
U2 Circumferential velocity of the impeller outlet, m/s
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wx Vorticity in the x direction with the Q criterion, s−1
→
ΩR Relative vorticity
→
W Relative velocity
ω Rotational angular velocity in Equation (16), rad/s
ν Kinematic viscosity.
LE Leading edge
TE Trailing edge
PS Pressure side
SS Suction side
RVS Relative vortex stretching
RVD Relative vortex dilation
CORF Coriolis force
BT Baroclinic torque
VISD Viscos diffusion
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