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Abstract: In this paper, large eddy simulation (LES) was adopted to simulate the cavitating flow in
a waterjet pump with emphasis on the tip clearance flow. The numerical results agree well with
the experimental observations, which indicates that the LES method can make good predictions of
the unsteady cavitating flows around a rotor blade. The LES verification and validation (LES V&V)
analysis was used to reveal the influence of cavitation on the flow structures. It can be found that
the LES errors in cavitating region are larger than those in the non-cavitating area, which is mainly
caused by more complicated cavitating and tip clearance flow structures. Further analysis of the
interaction between the cavitating and vortex flow by the relative vorticity transport equation shows
that the stretching, dilatation and baroclinic torque terms have major effects on the generation and
transport of vortex structure. Meanwhile the Coriolis force term and viscosity term also exacerbate
the vorticity transport in the cavitating region. In addition, the flow loss characteristics of this pump
are also revealed by the entropy production theory. It is indicated that the tip clearance flow and
trailing edge wake flow cause the viscous dissipation and turbulent dissipation, and the cavitation
can further enhance the instability of the flow field in the tip clearance.

Keywords: cavitation; large eddy simulation (LES); verification and validation (V&V); vorticity
transport equation; entropy production; waterjet pump

1. Introduction

Tip clearance exists widely in various kinds of turbomachines to avoid striking be-
tween the impeller and casing wall. However, the tip leakage vortex (TLV) flow through
the rotor-shroud gap will unavoidably cause a performance penalty and flow loss [1].
Moreover, the vortex structures and multiple complex re-entrant flows may raise numerous
issues in rotors [2]. A prominent matter is the cavitation phenomenon, which can influence
the pump hydrodynamic performance, bring about a reduction in stability for turbines and
cause power output ability reduction, noise and vibration [3]. Cavitation in the waterjet
pump has always been an area of particular interest in cavitating flow study for many
years owing to the tip clearance and complicated flow mechanisms.

The TLV is apt to cause vortex cavitation around the rotor-shroud clearance [4,5]. A
single hydrofoil with tip clearance can be considered as a special example to study the
TLV cavitation. But the relative motion caused by the impeller and the casing wall in an
actual pump is difficult to describe with a single static part [6–8]. Even though the highly
twisted blades and numerous complex vortices inside the pump make it extremely difficult
to measure the data around the tip clearance, many researchers still strive to obtain the
data about vortex and cavitation [9,10]. Additionally, the computational fluid dynamics
(CFD) technique serves as a powerful tool for researchers to solve cavitation problems
in engineering [11]. The development of numerical simulation technology has promoted
the research process of vortex and cavitation flow in hydraulic machinery. It is of great
significance to study the characteristics of vertical flow, cavitation evolution, the interaction
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of cavitation and vertical structure, and pressure pulsation. Among the various turbulence
models, the Shear-Stress-Transport (SST) model has good performance in capturing vertical
structures such as TLV [10]. In addition to this model, there are other models including
k-ε, renormalization group k-ε (RNG) and the reynolds stress model (RNG) model; they
have also been adopted for the prediction of hydrodynamic performance and cavitation in
rotating machinery, but they still could not yield more accurate numerical results in some
complex cases [12].

Although numerical simulation technique has improved recently, most investigations
are still limited to predict the cavitation patterns and TLV trajectory. The above-mentioned
research investigations on the effects of cavitation and TLV on the flow characteristic
had difficulty to meet the requirements of large eddy simulation (LES), owing to the
rigorous grid resolution and computational requirements. LES has been tentatively used
for fundamental cavitation investigations, and it is also a prospective method to improve
prediction accuracy and cavitating flow research in waterjet pump. You et al. [13] applied
the LES method to predict tip-leakage cavitating flows in a turbomachinery cascade with
emphasis on the potential mechanisms for viscous losses nearby the tip clearance. Shen
et al. [14] used LES to simulate unsteady tip leakage flows in an axial flow pump; the
results revealed the influence of different gap sizes on the internal flow field of the pump.
Li et al. [15,16] also showed the effect of the clearance size on the leakage flow and the
pressure fluctuation. The LES method has achieved good application results in the study of
water jet pump cavitation, but owing to the high demand on grid resolution and expensive
computing consumption, such investigations are still rare, especially quantitative analysis.
Therefore, it is meaningful to carry out some quantitative LES research.

Although the reliability and exactness of the LES has been broadly approved in numer-
ous studies, the quantitative evaluation of its precision is still insufficient in the previous
literature. Grid independence verification and reliability studies are mainly verified by
contrasting with visual snapshots. Many of the strict research efforts were insufficent in
their ability to quantitatively assess the precision of LES. Results about the precision of
LES are crucial to verify the dependability of simulation results for complicated cavitating
cases, when there is insufficient measured data to confirm the calculation results. The
Direct Numerical Simulation (DNS) method and experiments are usually used as verifi-
cation benchmarks for some cases, but their huge costs are unbearable for engineering
applications. Moreover, the LES method is used to model the complex flow features. If
it needs to be verified by experiments every time, then the numerical method for pre-
diction will be meaningless. Therefore, a quantitative evaluation method—Verification
and validation (V&V) —can be applied for LES numerical calculation and independent
of experiments [17,18]. The method is a mathematical way to evaluate a physical model’s
precision and computational result accuracy [19,20]. V&V is defined by the American
Society of Mechanical Engineers: verification represents accuracy of the numerical solution
procedure and validation is used to indicate that the constructed physical model can accu-
rately reflect the real physical phenomena and rules. The LES V&V is different from the
RANS V&V [20]; LES V&V is a more significant but harder problem needing additional
exploration. Freitag, Klein [19,21] and Xing [22] raised some new ways for evaluating
LES errors from a mathematical point of view, and one of these methods was refined by
Dutta and Xing [23,24], thus providing an important foundation for promoting LES V&V
research. Recent studies by Long et al. [25,26] put the LES V&V method into cavitating
flows around a propeller and a hydrofoil [27]. This paper further makes use of LES V&V
method for the analysis of the complex cavitating flow inside the waterjet pump.

The purpose of this investigation is to discuss the effect of cavitation on the flow field
in a waterjet pump by the LES V&V method, with emphasis on the tip clearance flow. A
referenced experiment in this waterjet pump is applied to validate the numerical data. The
LES V&V method with simplified three-equations is employed in the investigation of tip
clearance cavitation. The features of LES errors and the effects of cavitation on the total
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errors are analyzed by three sets of refined structured mesh. Furthermore, the impact of
cavitation on the vorticity distributions and the flow loss features are discussed.

2. Governing Equations

The tiny time step size and extremely fine grid are responsible for the enormous
computation cost in solving the Navier-Stokes equations (N-S equations) with the DNS
method. For that reason, the LES method was proposed to greatly reduce computing
consumption through a low-pass filtering of the N-S equations, which eases the requirement
of time step size and grid.

In the homogeneous model frame for vapor and liquid flows, the same turbulence
flow field for the multiphase components is assumed. The basic governing equations,
including the mass and momentum conservation equations are written as:

∂ρm

∂t
+

∂
(
ρmuj

)
∂xj

= 0 (1)
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∂
(
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where p is the mixture pressure, and ui is the mixture velocity component in the i direction.
The laminar viscosity of mixture, µm, and the mixture density, ρm, are defined as:

µm = αvµv + (1− αv)µl (3)

ρm = αvρv + (1− αv)ρl (4)

where the subscript l represents liquid and v denotes the vapor phase. The LES equations
can be obtained by performing a Favre-filtering operation to Equations (1) and (2):
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where the over-bars represent filtered quantities. The extra non-linear term in Equation (6)
is called the subgrid-scale stresses (SGS stresses); those stresses occur due to the filtering
operation, and need to be modeled and is defined as:

τij = ρ
(
uiuj − uiuj

)
(7)

To calculate the SGS stresses, an eddy viscosity method is applied by scaling the strain
rate tensor, Sij, as:

τij −
1
3

τkkδij = −2µtSij (8)

Sij =
1
2

(
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+

∂uj

∂xi

)
(9)

where τkk represents the isotropic term of the SGS model, and µt is the SGS turbulence
viscosity, which is closed by the Wall Adapting Local Eddy-Viscosity (WALE) model.

µt = ρL2
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Ls = min
(
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(11)
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where κ is the von Karman’s constant, d is the distance to the nearest wall, Cw is the WALE
constant with the default value of 0.5, and V is the computational cell volume. Compared
with the Smagorinsky-Lilly model [28], the WALE model shows better performance in
recreating the laminar to turbulence transition with the requirement of the near-wall
distance y3 law [29].

The transport equation with the homogeneous hypothesis is employed to simulate
multiphase flow, and both two phases, liquid and vapor phases, are considered as incom-
pressible phases [30–32]. The Zwart cavitation model [31] is one of the widely used models
in many solvers for cavitating flow, whose accuracy has obtained wide approval [5,32].
The cavitation process is described by the following vapor transfer equation:

∂(ρvαv)

∂t
+

∂
(
ρvαvuj

)
∂xj

=
.

m+ − .
m− (13)

The source terms
.

m+ and
.

m− in Equation (13) are derived from the simplified Rayleigh–
Plesset equation and represent the vaporization and condensation rates, respectively, which
are expressed as:

.
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2
3
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R
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2
3
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ρl
(15)

The model coefficients are,
R = 1× 10−6m

αnuc = 5× 10−4

Fvap = 50

Fcond = 0.01

These constants are recommended by Zwart et al. [31] and are recognized in the study
of cavitation characteristics.

3. Application of V&V Approach in Waterjet Pump

The V&V approach [33,34] of LES has been applied in the research field of hydrofoil
cavitation, which can also be generalized to cavitating flow field around rotating machiner-
ies [35]. The paper mainly analyzes the flow field through the error distribution obtained
by the LES V&V. The error obtained by numerical calculation can be divided into two parts,
namely modeling error and numerical error [25,27]. The numerical error is introduced
by the SGS model and the modeling error is determined by the by grid and numerical
accuracy. In most cases, these two parts of error have different signs in the case, which
means that the total error may be small. In this paper, the absolute value of the two errors is
chosen to observe the change law intuitively. However, the exact solution is always hard to
obtain for the cavitation case, so the numerical benchmark is regarded as the exact solution.
The numerical benchmark represents the high-precision computational result and it can be
approved by most investigators. The two parts of error deduced from the V&V approach
of LES can be denoted as:

S− SC = cN(h∗)
pN + cM∆pM (16)

h∗ =
√

∆t× ∆N (17)
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where S is the value of a variable obtained by calculation, and SC represents the numerical
benchmark. The two terms on the right-hand side of Equation (16) signify the numerical
error and the modeling error, respectively, in which cN and cM represent the coefficients of
the two kinds of errors, pN and pM are the accuracy orders of the two errors. ∆t is the time
step and ∆N is the local grid size. As for the procedure proposed by Long et al. [35], the
three-equation method is normally suitable for the rotating machine calculation and the
recommended reference values of pN and pM are 1.48 and 1.37, respectively [35]. The present
LES V&V method adopts three systematically refined grids with unsteady computations
solving for the three variables (SC, cN and cM):

S1 − SC = cN(h∗)
pN + cM∆pM (18)

S2 − SC = cN(rh∗)pN + cM(r∆)pM (19)

S3 − SC = cN

(
r2h∗

)pN
+ cM

(
r2∆
)pM

(20)

where S1, S2 and S3 are solutions of a variable calculated by the three sets of mesh, r is
the grid refinement ratio and also the time-step rate of change and r = 1.2 is usually used
to solve the three non-linear and complicated equations. Eventually, only three transient
solutions by three sets of grids are required to obtain the two parts of error.

Three systematically refined grids are generated for the waterjet pump to calculate
the transient results, as shown in Table 1. The velocity is regarded as the target variable to
solve the three complex non-linear equations, Equations (18)–(20). Then, the LES errors can
be obtained.

Table 1. Mesh information and time step size.

Mesh Number of Elements Time Step/s

1 6,497,196 1.111111 × 10−4

2 11,138,262 9.259259 × 10−5

3 20,429,869 7.716049 × 10−5

In summary, based on the previous research [20,23,25,36] on LES V&V, the value of
r between 1 and 2 is more appropriate. Too large a value of r will make the computation
capacity insufficient, while a smaller ratio will make it difficult to distinguish the LES and
iteration errors. Most notably, the iteration error in the solution process of the investigation
is much smaller than the error of LES, so that the iteration error can be ignored. Therefore,
in consideration of the current calculation capacity, a reasonable refinement ratio r = 1.2 is
chosen in present study.

4. Waterjet Pump Geometry, Numerical Setup and Mesh Information

Figure 1 shows the geometry of the waterjet pump. The rotor blade number is six,
and the stator number is eight. The computational domain used in this paper is consistent
with the experiment, as shown in Figure 1 The entire computational domain is composed
of the stator domain, the impeller domain and the outer domain, and these parts of the
computational domain are connected by a general grid interface (GGI) technology. This
method has been proved to be effective to weigh the prediction exactness and calculation
consumption [32,35,37–40]. All the surfaces of the waterjet pump, including the impeller,
stator, pump casing wall and shaft surface are all set as no-slip wall conditions. The free-slip
wall condition is set for the external flow channel surface. The computational domain size
and operating condition are consistent with the experiment.
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Figure 1. Computational zone and boundary condition.

TLV is mainly generated in the gap area, so improving the grid accuracy in the
tip clearance is of great significance to improve the prediction accuracy of the vortex
structure [25]. Special attention should be paid when constructing high-quality meshes
in this paper, particularly in the clearance region. The structured grid was applied in the
entire computational domain, which has the advantages of better convergence and more
reduction of truncation error. The mesh distribution is shown in Figure 2.
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Usually, the calculation of unsteady cavitating flow is based on the simulation conver-
gence results under non-cavitating conditions to ensure the convergence speed. When the
root mean square (RMS) residual criterion was lower than 10−6, the non-cavitation result
was considered to be convergent and stable. During the transient cavitation calculation,
the transient rotor stator method was used for the interface setup. The high resolution
scheme [41,42] was solved by the convection terms and the transient term adopted the
second order backward Euler scheme. Taking into account the calculation accuracy and cal-
culation time cost, the number of inner iteration steps used in the calculation was 20 steps
per time step, and the residual convergence standard was 10−5. All unsteady computations
for each set of grids ran over 25 impeller revolutions, with the final results obtained over
the last 10 impeller revolutions. The inlet velocity was U = 2.496 m/s corresponding to the
experiment measurement and the outlet static pressure condition was obtained from the
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cavitation number σ = (pout − pv)/(0.5ρn2D2) = 2. The impeller diameter D was 166.4 mm
and the rotational speed n was 1500 rpm.

5. Results and Discussions
5.1. Hydrodynamic Performance for the Pump

The experiment and calculation results for the hydrodynamic performance of the pump
are presented in Figure 3. The experimental data is the same as the work done by Han [43].
In Figure 3, the abscissa represents the advance ratio, J = V/nD, and the ordinate represents
two dimensionless hydrodynamic performance parameters, namely the thrust coefficient
(KT = thrust/ρln2D4) and the torque coefficient (KQ = torque/ρln2D5). The predicted results
are highly consistent with the measured data and the errors in the calculation of KT and
KQ are less than 5% over the wide range of the advance coefficient J, thereby it indicates
that the present computational methods are capable of simulating the pump hydrodynamic
performance well. Furthermore, the close proximity of predicted results by three meshes
indicates that grid resolution has little effect on the numerical results.
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pump [42].

5.2. Unsteady Cavitation of the Experimental and Numerical Results

The predicted transient cavitation and vortex snapshots as the impeller rotates at a
certain moment are shown in Figure 4. The spatial cavitation shapes vortex structures
are presented by the iso-surface of vapor volume fraction αv = 0.1 and the iso-surface of
Q criterion in the predicted results, respectively. The cavitation patterns for the waterjet
pump are completely captured by LES for all three sets of grids. Since the low pressure area
is mainly concentrated in the tip clearance position, cavitation is easily generated at the
tip of the blade and quickly extends to the entire tip. At the same time, the TLV cavitation
begins to generate as the blade rotates. The tip clearance cavitation swings as it is drawn
into the TLV. Then, the cavitation shapes remain basically stable as the blade rotates.

By comparing the predicted and observed cavitation for the pump, the TLV cavitation
has developed in the snapshot as shown in Figure 4 and is very strong. As the rotor
blade rotates, the TLV cavitation slightly swings and the trailing of the cavitation becomes
unstable. All three meshes clearly show the entire cavitation patterns and the tip clearance
cavitation and TLV cavitation are all similar. With the gradual increase of the grid number,
there are only a few subtle differences at the tail of vortex cavitation TLV—the length
between the calculation results of different grids (marked by a red line). The overall
cavitation patterns around all blades are relatively similar, and achieve a strong agreement
with the experiment results. From the iso-surface of the Q criterion, it can be seen that the
vortex structure is enriched with the increase of the number of grids, and the ability to
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capture the vortex structure, such as the induced vortex and leakage vortex around the
impeller, was significantly improved.
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As the cavity is made up of vapor, Figure 5 displays the distribution of vapor around
the blade tip. The contour map in Figure 5 shows the cavitation by selecting the sections
at two different radiuses r/R of the clearance area, where r represents the selected radius
position, and R represents the radius of the pump casing. In Figure 5b, the plane is arranged
between the blade tip and the pump casing, and the cavitation area presents a triangular
shape with an angle of 83 degrees to the axial direction. The referenced measured data
has proved that this angle would remain constant with the further change of cavitation
number [10]. In Figure 5a, the section position is slightly away from the casing wall, the
blank areas in the contour represent the cross-section of blades. In Figure 5a, it can be found
that the TLV cavitation gradually separates from the tip area and extends downstream.
Therefore, a certain angle is formed by TLV cavitation and tip clearance cavitation, which
leads to the formation of a triangular cavitation region. A higher volume of the cavity is
concentrated around the blade suction side and it collapses and disappears rapidly near
the trailing edge and downstream.

The transient flow phenomenon of the tip clearance cavitation and the TLV cavitation
as the pump impeller runs is reproduced excellently by the present LES computational
method. These results show the high performance prediction fidelity and the great compu-
tational capability with the combination of the structured mesh and the LES method used
in this study. At the same time, in order to balance the calculation pressure and accuracy,
Mesh 2 is already sufficient to meet the requirements.
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5.3. V&V Results of LES for the Tip Clearance Cavitating Flow in the Pump

The former section mainly verified the feasibility of the calculation method and the
independence of the grid through the comparison of macroscopic physical observations
and simulated results, but these qualitative analyses do not provide a quantitative assess-
ment. Therefore, this section applied the V&V method of LES based on the three-equation
model to illustrate the characteristics of the flow field from a mathematical point of view. It
is noteworthy that all predicted cavitation patterns in the previous section are the instan-
taneous results. In this section, however, the time-averaged velocity from each transient
result over all monitoring points around impeller blades is used for LES V&V analysis.

Figures 6 and 7 mainly show the position of the monitoring points and the relationship
between cavitation phenomenon and the LES error. In Figure 6a, the monitoring points in
Region A (P1 to P5) denote the locations in the clearance between the tip and casing wall,
and the points in Region B (P6 to P10) mainly represent positions in the TLV cavitation area.
The monitoring points in Region C (P11 to P13) represent positions in the downstream
area of the blade trailing edge. P14 to P16 are located immediately behind the tip vortex
cavitation. Figure 6b shows the relative position between the cavitation and the monitoring
points, and it should be noted that P2 to P10 are located inside the cavity. The calculated LES
errors based on the average velocities at these monitoring points are shown in Figure 7b,c.
The standard deviations of velocity are also used to reveal the dispersion level of the
velocity results [43].

As shown in Figure 7a, the standard deviation fluctuates in Region A. This parameter
first rises slightly, then falls, and finally rises to a larger value. Among them, there is the
maximum value at P2 and the minimum at P4. The severe tip clearance flow and cavitation
inception cause a larger level at P2. From P6 to P8, the standard deviation increases
substantially and the reading reaches the maximum at P10. The velocity fluctuation is
limited in the passageway region between two blades, so the standard deviations at P6 and
P7 are at a low level. The velocity variety at P8 is most affected by the strong cavitation
and wake flow caused by the blade trailing edge, and the standard deviation at P10 is
influenced by the TLV cavitation and tip clearance flow from the next blade. The standard
deviations in Region C and Region D are all relatively small, and the value in Region
D is smallest. These phenomena can be reasonably explained in combination with the
tip clearance flow and cavitating flow shown in Figure 7b. The monitoring points with
large standard deviation readings are mainly concentrated in the gap flow area and the
cavitation area. The standard deviation readings far away from the tip clearance cavitation
zone and the blade wake zone are all small, which indicates that the flow stability is greatly
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affected by the unsteady clearance cavitation and wake flow (P2 and P5 above the tip in
Region A, P8 near the wake region and P10 near the next blade tip clearance).
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The distributions of LES errors have some differences with the standard deviation.
The variation trend of the LES error in Region A is more consistent with that of standard
deviation. The peak values occur at P2 and P5. The overall amplitude of the LES error in
Region B is relatively similar, and the amplitude is the largest at the point P6, and then the
errors at points P7 to P10 fluctuate in a small range. In Region C, the readings at P11 to P12
are small and then rise slightly at P13. For points P14 to P16 in Region D, all values are at a
low level.

In order to more clearly explain the connection between the LES errors and the tip
clearance cavitation flow, the error distribution of the monitoring points P1 to P5 and P14
to P16 corresponds to the flow field position in Figure 6b. In the tip gap area (Region A),
the error at P1 is most affected by the tip clearance flow, so the LES error is larger in Region
A at P1 than in Region D. In the cavitation area (P2 to P5), P2 is located at the point where
tip clearance cavitation occurs and collapses. The flow field at this position is significantly
affected by the change of cavitation volume, and this point is also significantly affected
by the tip clearance flow. The point where the maximum LES error occurs in Region A
is the P2 monitoring point. Therefore, it shows that the error distribution of the P2 point
can indicate that the position is disturbed by cavitation and gap flow to a certain extent,
although the cavitation changes in the position of P3 to P4 are smaller; P3 is closer to the
starting point of the TLV, the impact is more obvious, and the resulting LES error is also
larger. Point P5 is closer to the trailing edge of the blade than are P3 and P4, and the flow
separation effect caused by rotation is more obvious. At the same time, the proximity of P5
to the trailing edge of the blade further reduces the flow stability at this position. These
reasons lead to the low flow field stability of P5 and relatively large LES error.
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In the downstream region, the rotor influence reduces and the flow complexity be-
comes weaker at the position further away from the blade tip and cavitation region, so
the LES errors decrease remarkably in Region D. However, since the points P6 to P10 are
located inside the cavity, the LES errors in Region B are all in the high level. The larger
amplitude at P6 is caused by the effects of cavitation and tip clearance flow, but this point
is not inside the gap, and the impact is relatively not so strong, while the higher level at
P10 is caused by the swing of the TLV cavitation tail.
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5.4. Effect of Cavitation on the Vortex Distribution in the Pump

The last chapter mainly explained the influence of cavitation and clearance flow on the
flow field around the impeller from a quantitative perspective. This part further elaborates
the influence of cavitation on the vorticity field in the tip clearance area. All the following
results are calculated by the Mesh 2. In order to understand the vorticity distribution
in depth, the relative vorticity transport equation is mainly used to discuss the effect of
cavitation on the vorticity field. The equation is shown as following [35]:

∂
→
Ωrel
∂t

=

(→
Ωrel · ∇

)→
Urel −

→
Ωrel

(
∇ ·

→
Urel

)
+

1
ρ2

m
∇ρm ×∇pm − 2∇×

(
→
ω ×

→
Urel

)
+ υ∇2

→
Ωrel (21)

where Ωrel is the relative vorticity, u is the relative velocity, ν is the kinematic viscosity,
ω is the rotor rotational speed, the subscript of rel represents the variable in cylindrical
coordinates, and ∇ is the Hamiltonian operator. The left side of Equation (21) is the
derivative of the relative vorticity. Each term on the right side represents the relative
vortex stretching, relative vortex dilatation, relative baroclinic torque, the Coriolis force
terms and viscous diffusion, in turn. Since the velocity gradient will cause the stretching
and distortion of the vortex structure, the vortex stretching and tilting term is used to
characterize the stretching and distortion of the vortex, which is called the stretching term.
The relative vortex dilatation term is mainly used to characterize the volume change of the
vapor phase in a multiphase flow. The baroclinic torque term only exists in the baroclinic
fluid and is caused by the non-parallelism between the pressure and the density gradient.
The Coriolis force term is induced by the rotation effect. The fifth term is the viscous
diffusion term that characterizes the effect of viscosity on vorticity transport. In order to
show the distribution of the vorticity field around the blade tip more clearly, all pictures in
this part display the flow at one typical moment.

Figure 8a shows the specific locations of the six cross-sections around the blade tip.
The cavitation structures are displayed by the iso-surfaces of the vapor volume fraction
αV = 0.1. The planes mainly correspond to the generation, development and trailing edge
of the tip clearance cavitation region.

Figure 8b–i show the distributions of the vapor volume fraction, Q-criterion, relative
vorticity and the five terms on the right side of the relative vorticity transport equation that
affect vorticity transport for the cavitating flow around the rotor blade tip.

As shown in Figure 8b, the predicted tip gap cavitation and TLV cavitation are gener-
ated from the tip and grow around the suction side, and finally form the vortex cavitation
downstream. In Figure 8c, the largest magnitude of Q occurs at the vortex cavity core and
in the liquid-vapor interface regions and the distributions are in broad agreement with the
vapor volume fraction. In addition, the TLV cavitation is relatively short, but TLV is strong
enough to extend far downstream.

In Figure 8d, the distribution of relative vorticity is presented around the blade tip
region. In the blade tip clearance zone, the relative vorticity is concentrated at the liquid-
vapor interface. Significantly, the vorticity inside the tip vortex cavity is larger than that
in the other regions. Meanwhile, the highly concentrated vorticity on Planes 1–3 is also
associated with the vortex cavitation caused by the previous blade.
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As shown in Figure 8e, due to the relative motion between the shroud wall and the
rotor blades, there will be a large velocity gradient between the two, which will cause a
high relative vorticity distribution. Moreover, because of the effect of complex flow and
cavitation on the gap flow field, the peak value of stretching term is largely concentrated
around the blade tip cavitation region and trailing edge wake.

Figure 8f shows the distribution of the relative dilatation term. When the fluid volume
changes have an effect on the vortex field, the relative expansion term takes effect, and the
relevant concentration area is mainly in the vortex cavitation and wedge-shaped cavitation
areas. It is worth noting that the effect of the relative dilatation term near the TLV is more
significant than that of the tip clearance cavitation.

Figure 8g shows that the relative baroclinic torque term is concentrated in the junction
area between the vapor and liquid. This term can reflect the misalignment condition of the
pressure and the density gradients, so the distribution of this term is almost concentrated
in the cavitation area.

In Figure 8h,i the viscosity term and the Coriolis force term affect a relatively small
range mainly near the blade tip and trailing edge wake area. The viscosity term is mainly
concentrated around the blade tip clearance and the flow structure scale is small, so the
viscous dissipation has a strong effect on the local vorticity distribution. The Coriolis force
term mainly characterizes the vorticity transport caused by the rotation effect and the term
is apparently affected by the wake of the blade trailing edge.
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In previous studies, the vorticity transport equation was used to describe the vorticity
distribution around the stationary hydrofoil [44], but the transport characteristics of the
vortex field caused by the rotation effect in rotating machinery are obviously more compli-
cated. For one thing, the relative movement of the rotor blades and the shroud wall has a
more obvious influence on the surrounding flow field and vorticity field. For another, the
tip clearance cavitation on the blade tip influences the vorticity generation near the region.
In the meantime, these flow characteristics in the pump have a cavitating flow different
from that around a single hydrofoil [45].

5.5. Effects of Cavitating Flow on Entropy Production Characteristics

According to the above analytical discussion of the tip clearance cavitating flow
characteristics, it can be found that the flow around the tip of the pump becomes more
complicated with the production and development of the cavitation. The tip clearance
inevitably becomes an important cause of flow loss [46], and the change of the cavitating
flow structure will decrease the flow stability [37], both of which have a non-negligible
impact on the operational stability and hydraulic performance of the impeller and even the
whole pump. In order to further describe the relationship between cavitation flow and flow
loss, the flow loss around the clearance is assessed from the perspective of thermodynamics
through the results of numerical calculations in this part, and the association of flow loss
distribution and cavitation is revealed by entropy production evaluation method [47,48].
Solving the entropy production equation yields two terms, one with a time-averaged term
and one with a fluctuating term [49,50].
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where u′ represents the pulsating pressure, u represents the time-averaged result within the
sampling time, µ denotes the dynamic viscosity and T denotes the temperature. The first
group denotes entropy production by dissipation in the time-averaged flow field, which is
the so-called direct or viscous dissipation term. The second term is then referred to as the
indirect or turbulent dissipation.

Figure 9 reveals that the viscous dissipation and turbulent dissipation of the entropy
production has a variation relative with the change of tip clearance flow and cavitation. The
dominant entropy production is concentrated in the tip clearance cavitation region, which
is caused by the high shearing effect. As the investigated operating condition is at a low
cavitation number, the formed tip clearance cavitation and TLV cavitation have a relatively
violent characteristic and the entropy production features around the blade tip are mainly
determined by the cavitation, blade rotation and rotor-shroud interaction. Additionally,
the two terms of the entropy production are almost equal to zero in the downstream vortex
cavitation core in Plane 1 to 2 and Plane-6, and the larger amplitude appears around the tip
clearance cavitating flow region and blade trailing edge wake region.
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The viscous dissipation term features on these recording planes reveals the influence
of dissipation in the rotational direction. The distribution of the viscous dissipation term
around the blade tip region is shown in Figure 9b. As the cavitation extends to downstream,
the high viscous dissipation region also migrates to the downstream. On the blade tip, the
maximal amplitudes appear around the tip clearance cavitating flow region and the blade
trailing edge wake. In Figure 9c, the turbulent dissipation is also fairly obvious near the
tip clearance cavitation region. The rotation effect of the blades and the existence of the
tip clearance will cause strong flow separation in the tip area, and the complexity of the
flow will increase, resulting in higher entropy production. Meanwhile, the emergence of
cavitation will further increase the entropy production around the clearance region. The tail
of the blade will produce a complex wake vortex structure, which will also cause a higher
entropy value. Overall, the variety of the entropy production is mainly determined by the
tip clearance flow and blade trailing edge wake flow, and the appearance of cavitation will
further deteriorate the stability of the flow and increase the production of entropy.

6. Conclusions

The tip clearance cavitation in a waterjet pump was investigated by numerical simu-
lation. The calculated hydrodynamic performance and the cavitation pattern are mainly
compared with the experimental results, and the tip clearance flow and cavitation charac-
teristics in the pump are analyzed mathematically by using the V&V method of LES. The
vorticity transport, association between cavitation and tip clearance flow and flow loss
were analyzed in the present studies. The results summarized from the above analysis are
as follows:

(1) The hydrodynamic performance and cavitation patterns in the pump can be precisely
simulated by LES. Both the cavitation shape and location can be predicted accurately,
which is in good agreement with the test. Therefore, the numerical calculation method
and the adopted grid and model can be proved to be suitable for simulating the
transient cavitating flow in the pump;

(2) The LES error reflects the flow field around the rotor affected by transient cavitation
and tip clearance flow to some extent. The LES errors calculated from the average
velocity at the monitoring points inside the cavity are clearly larger than the error in
the non-cavitation region. The relatively larger cavity volume variations and more
violent collapse of the cavity around the head of the blade tip due to more unsteady
tip clearance flow increase the difficultly of numerical calculation. The interaction
between cavitation and the tip clearance flow makes the prediction of multiphase
flow around a rotor blade tip much harder than that of a pure tip clearance flow;

(3) The effects of the cavitation on the vorticity field are analyzed by the relative vorticity
transport equation. In the cavitation area, the vorticity is mainly concentrated in
the TLV cavity core and at the liquid-vapor interface. The vortex stretching term is
larger around the blade tip and the dilatation term is centered near the TLV cavitation
area. The baroclinic torque term is visible around the cavity interface. The Coriolis
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force term and viscosity term spread in the blade tip region and trailing edge wake,
respectively. It reveals that the cavitation and tip clearance flow make a significant
contribution to the vorticity generation and transport;

(4) The flow loss characteristics are reflected by the entropy production around the rotor.
It shows that the peak value appears in the tip clearance cavitation region and trailing
wake region. The entropy production is dominated by the tip clearance flow and blade
trailing edge wake flow, and the appearance of cavitation increases the amplitude of
entropy, which indicates that cavitation will further aggravate flow instability.
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