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Cavitation affects the performance of water-jet pumps. Cavitation erosion will appear on the surface of the blade under long-
duration cavitation conditions. The cavitation evolution under specific working conditions was simulated and analyzed. The
erosive power method based on the theory of macroscopic cavitation was used to predict cavitation erosion. The result shows
that the head of the water-jet pump calculated using the DCM-SST turbulence model is 12.48 m. The simulation error of the
rated head is 3.8%. The cavitation structure of tip leakage vortex was better captured. With the decrease of the net positive
suction head, the position where the severe cavitation appears in the impeller domain gradually moves from the tip to the root.
The erosion region obtained by the cavitation simulation based on the erosive power method is similar to the practical erosion
profile in engineering. As the net positive suction head decreases, the erodible area becomes larger, and the erosion intensity

increases.

1. Introduction

Compared with traditional propellers, water-jet pumps have
the advantages of high propulsion efficiency, good man-
oeuvrability, and low vibration. It is widely used in the pro-
pulsion of high-speed ships. But the performance of the
water-jet pump will be affected by the cavitation problem
[1-5]. The cavitation plays an important role in the design
and operation of hydraulic machinery, and it causes degra-
dation, noise, vibration, and erosion [6, 7]. Cavitation ero-
sion will appear on the surface of the blades when the
pump is operated under cavitation conditions for a long
time. It will not only affect the reliability of the overall sys-
tem but also cause high maintenance costs [8-11].

Many scholars have studied the cavitation structure in
water-jet pumps and try to explain the effect of cavitation
on the performance of water-jet pumps through experiments
and simulations. Park et al. [1] conducted experimental
research based on PIV technology. The results show that
the flow separation phenomenon is easy to occur at the lips

of the flow channel when the inflow velocity decreases. Tan
et al. [12] observed the formation of perpendicular cavita-
tion vortex (PCV) in the impeller of the water-jet pump
by experimental method. The shedding of PCV can cause
the head to drop sharply. Motley et al. [13] used high-
speed photography to observe the evolution of cavitation
on the impeller of a water-jet pump. Cavitation first
appeared in the tip clearance of the impeller. Long et al.
[14, 15] captured the cavitation structure on the impeller
of the water-jet pump at inception cavitation. Wu et al.
[16] used the particle image velocity measurement method
to study the turbulence structure of the tip leakage vortex
of an axial water-jet pump.

Lindau et al. [17] simulated cavitation in the water-jet
pump and found that cavitation would cause a sudden drop
in thrust and torque. Katz’s research shows that the axial
shear vortex structure has an impact on the development
of cavitation in the separation zone [18]. The numerical
result of Guo et al. [19] showed that the pressure pulsation
amplitude of the monitors near the tip increases with the
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extent of cavitation. Huang et al. [20-23] analyzed the cavi-
tation and vortex structures in water-jet pumps. The results
show that the evolution of cavitation has aggravated the gen-
eration of vortex and flow instability in pumps. When cavi-
tation occurs, the vortex expansion and baroclinic torque
appear as violent fluctuation. Xu et al. [24] found that the
viscous dissipation term has a larger magnitude at the tip
clearance of water-jet pumps.

Cavitation erosion is a hot research currently [25]. Tra-
ditionally, cavitation erosion risk is assessed by experimental
methods [26-30]. High-speed videos are used to assess the
visual collapsing cavities. And it is complemented by paint
test or erosive material test. But these methods are expen-
sive. With the development of computational fluid dynamics
(CFD), numerical methods become an attractive alternative.
Ochiai et al. [31] used a Lagrangian method to assess the risk
of cavitation erosion based on acoustic pressure emitted
from bubbles. Peter et al. [32, 33] proposed a new method
considering the microjet mechanism and applied the
method to predict cavitation erosion around a hydrofoil.
Pereira et al. [25, 34-36] used a macroscopic cavitation the-
ory to assess the cavitation erosion risk in experiment and
simulation. Usta et al. [37] compared the applicability of
intensity function method, Gary level method, and erosive
power method and predicted the erosible areas on a ship
propeller.

The cavitation mechanism in the water-jet pumps was
analyzed based on the RANS method and the DCM-SST tur-
bulence model, and the cavitation erosion was predicted
based on the macroscopic cavitation theory in this paper.

2. Experimental Setup

2.1. Pump Parameters. The main parameters of the water-jet
pump are shown in Table 1.

2.2. Experimental Method [38]. The cavitation in the water-
jet propulsion pump will destroy the energy exchange
between the impeller and the liquid, which results in the
decline of the external characteristics. The experiment in this
paper was completed on the closed test bench of the water-
jet pump of the 708th Research Institute of China State Ship-
building Corporation by Long et al. [38]. NPSH,, is gradually
reduced until the pump head drops by 3% through reducing
the pressure at the pump’s inlet. High-speed photography
technology was used to observe the cavitation structure dur-
ing cavitation evolution through the plexiglass window in
the impeller shell.

2.3. High-Speed Photography Acquisition System [38]. The
high-speed photography visualization system is shown in
Figure 1. The middle section of the impeller is perpendicular
to the camera’s longitudinal axis. The distance from the
camera lens to the Plexiglas is about 0.5m, and the size of
the shooting area is about 90 mm x 180 mm. The high-
speed camera PCOS achieves fast frame rates at high photo-
sensitivity and high dynamic range, reaching 4467 fps with a
full resolution of 1008 x 1008 pixels which can guarantee
good image quality.
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TaBLE 1: Design parameters of the test pump.

Design parameter Design value

Flow rate Q (m®/s) 0.46
Head H (m) 13
Rotating speed 7 (r/min) 1450
Power N (kW) 70
Specific speed n 524.3
Impeller inlet diameter D, (mm) 270

To capture the cavitation flow of the pump, the shooting
frequency is determined as follows. If the rotating speed of
the pump is # and the impeller is required to acquire an
image once it rotates a certain degree «, the shooting fre-

quency f is

1 % 360/60
f=— (1)

[o4

where 7 is the impeller rotating speed (r/min) and « is the
impeller rotation angle (°).

In this paper, the camera is set as shooting one image for
each 2° of the impeller rotation.

3. Numerical Simulation Methods

3.1. Continuity Equation and Momentum Equation. In the
simulation, the vapor-liquid two-phase flow is generally
assumed to be homogeneous. The Navier-Stokes equation
based on the Newtonian fluid is used in this simulation
[39, 40]. The equation is formulated in the Cartesian coordi-
nate system as [23]

Py, 9(Putt)

= 0,
ot ij
Aputt)  OPwthity) __3p D
ot + axj - a_xi+a_xj>< (Aum+tuT)
| <% - %a—u{‘sijﬂ’
ox; 0x; 30xj
o ‘
e, o) .
ot axj
Pm = P1% + Py
lum = [’ll‘xl + Auvav’

(2)

where the subscript i, j indicates the coordinate direction, u
indicates the velocity, p indicates the pressure, p; indicates
the liquid density, p, indicates the vapor density, «, indi-
cates the vapor volume fraction, «; indicates the liquid
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Ficure 1: High-speed photography visualization system.

volume fraction, g, indicates the liquid laminar viscosity, ,
indicates the vapor laminar viscosity, 4, indicates the turbu-
lent viscosity, m* indicates the vapor condensation rate, and
m~ indicates the vapor evaporation rate. p,, indicates vapor-
liquid mixed-phase density, and p,, indicates vapor-liquid
mixed-phase laminar viscosity.

3.2. Cavitation Model. The ZGB model [41, 42] is a cavita-
tion model based on the mass transport equation, which
describes the cavitation phase change process mainly by
establishing the transport relationship between the vapor
and liquid phases. Its evaporation rate and condensation rate
are defined as follows:

3ocnu l_av Py zpv_p 2
m' = Cdest C(R ) <§ ) > P <pv’
B P

- 3a,p, (2p-p,\"?
m :_CProd RP (_ ) > P>Py
B

3 p

where Ry is the bubble radius, «,,. is the volume fraction
of gas nuclei, p, is the saturated vapor pressure, C,,q is
the rates of steam condensation when the local static pres-
sure is greater than the saturation vapor pressure, and Cg.
is the rate of steam evaporation when the local static pres-
sure is lower than the saturation vapor pressure. The
values of the coefficients in the model are [43] Rz=1x
107°m, Cpyoq = 0.01, Cyeqp =50, and @, =1x 107,

3.3. Turbulence Model. This simulation is based on the SST
k — wturbulence model [50]. To more accurately simulate
the development of cavitation in the centrifugal pump, the
compressibility of the mixing of the vapor and liquid phases

3

g

=
8
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TaBLE 2: Calculation parameters.

Parameter Value
Temperature (°C) 25
Saturated vapor pressure (Pa) 3169.93
Density of water (kg/m?) 997.003
Dynamic viscosity of liquid phase (Pa-s) 8.9¢-04
Density of vapor (kg/m?) 2.3e-02
Dynamic viscosity of vapor phase (Pa-s) 9.87¢ - 06

is considered, and the mixing density is corrected using the
DCM method. Turbulent viscosity is defined as follows:

N
Pm ~ Py
=p + (Vv . — ,
foon=pt (22 (= p)
C,k*
Hrpecm = e Joew

where N is taken as 10 according to literature recommenda-
tions [43, 44].

3.4. Boundary Conditions and Grid Setup. The calculation
parameters are shown in Table 2. Figure 2 shows the calcu-
lation domain and boundary conditions. The inlet of the cal-
culation domain was set as the pressure inlet, and the outlet
condition was mass flow rate. The domain of impeller was
rotating with a speed of 1450 rpm, and other domains were
static domains. Inlet and outlet extension pipes were added
to avoid the large difference between experiment and
simulation caused by backflow. The wall condition was set
as nonslip wall. The residual was set to be le—04. Total
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FIGURE 2: Calculation domain and boundary conditions.

calculation time was set as 0.12 s, and timestep was set to be
2.73e - 05s.

After completing the 3D modeling, the inlet pipe and the
outlet pipe were divided into structural grids by software
ICEM. Impeller and diffuser grids were structured using
software TurboGrid. The leading and trailing edges of the
blades are elliptical. The spline curve is used to fit the con-
tour of each layer of the grids. The tip clearance of the grid
was set to 0.3mm. The grid of tip clearance region was
divided into 10 layers to obtain a better flow field. Regarding
the grid-independent inspection, the water-jet propulsion
pump studied in this paper is similar to the calculation
model of Huang et al. [20-23] in terms of geometrical
dimensions and operating conditions. In Huang’s research,
the mesh-independence check was made for the impeller,
and it was pointed out that the mesh of the impeller is larger
than 1.06 million to ensure the calculation accuracy. Consid-
ering the requirements of the turbulence model for the
boundary layer, the y+ of near-wall surface shown in
Figure 3 was adjusted below 40. The number of grids used
in this paper is shown in Table 3, and the details of the grids
are shown in Figure 4.

4. Analysis of Results

4.1. Cavitation Performance and Analysis. The net positive
suction head and corresponding head under the design flow
rate are obtained. The cavitation characteristic curve was
obtained by reducing the inlet pressure gradually. The exper-
imental and simulation results are shown in Figure 5. This
water-jet propulsion pump’s rated head is 13 m, and the sim-
ulated result is 12.5m. The relative error is 3.8%, and this
error can prove that the simulation is reliable. When the
simulated head drops by 3%, NPSH,, is 7.15m, while NPSH,,
is 7.58m in the experiment for the same situation. This
difference may be because noncondensable gases, thermody-
namic effects, and other factors were ignored. The existence
of this difference does not affect capturing the flow charac-
teristics in the pump by simulation. The cavitation image
captured in the experiment is shown in Figure 6. Figures 5
and 6 are compared and analyzed. As can be seen in
Figure 6(a), in the initial stage of cavitation, the head of
point A basically does not change. It is generally believed
that there is little cavitation in the blade channel at this oper-
ating condition, but the cavitation in the tip clearance can be
seen from the image. As the inlet pressure decreases, the

Yplus
37.410
33.740 l
30.070 1
26.400
22.730
19.059

15.389 1
11.719

8.049 1

4.379

0.709

Figure 3: Distribution of Yplus.

TABLE 3: Mesh number of calculation domain.

Calculation domain Mesh number

Impeller 1729170
Diftuser 1579710
Inlet pipe 626640
Outlet pipe 590236
Total mesh number 4525756

head curve begins to change. During the evolution of cavita-
tion, point B on the cavitation performance curve was
selected, as the initial cavitation. As the net positive suction
head decreases, the tip leakage vortex (TLV) area becomes
larger, and at the same time, the cavity grows on the suction
surface, as shown in Figure 6(b). When the head drops by
3%, the point C on the cavitation performance curve is called
the critical cavitation point. a~c on the simulated cavitation
performance curve were selected to mark the cavitation situ-
ations corresponding to A~C on the experimental cavitation
curve. The corresponding NPSH,, of point A is 9.90 m, point
b is 8.16 m, and point c is 7.15m.

Figure 7 shows the cavitation structures under different
net positive suction heads captured by the simulation, which
were represented by gray isosurface with vapor volume frac-
tion of 10%. Observed from the side view, the simulated
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(b) Point B
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FI1GURE 6: The cavity flow structures at different cavitation conditions [15].

cavity structure is basically consistent with the experimental
results. When NPSH_ is 9.90 m, tiny cavitation appears near
the tip on the suction surface of the blades, as shown in
region 1 of the figure. At the same time, the cavitation in
the tip clearance was also captured, as shown in region 2
of the figure. At this situation, the appearance of cavitation

has no effect on performance. As the net positive suction
head drops to 8.16m, the cavity develops from the tip to
the root of the blades. In the flow direction, it covers most
of the blade surface. It can be observed that there is “gap”
in the cavitation isosurface near the leading edge of blades.
As the net positive suction head continues to drop, it can
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FIGURE 7: Simulated cavitation structures at different NPSH,,.
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FiGgure 8: Contours of vapor volume fraction at NPSH, =7.15m.

be observed that the “gap” is more obvious, and the cavita-
tion appears to be stratified. Compared with Figure 6, it
can be considered that this delamination may be caused by
the tip leakage vortex (TLV) (this will be analyzed in
Figures 8-10). The existence of leakage flow causes tip leak-
age vortex cavitation (TLVC). The local pressure near the
blades is lower than the saturated vapor pressure, and cavi-
tation appears on the suction surface. The different cavita-
tion structures gathered together, resulting in a decrease in
pump performance. Figure 11 shows the change of the cav-
itation area at different circumferential positions in the blade
channel under design conditions. It can be seen from the fig-
ure that as r/R increases, the cavitation area first increases
and then decreases. When NPSH, = 9.90 m, the maximum
cavitation area of 0.186cm? appears at r/R=0.95; when
NPSH, = 8.16 m, the maximum value of 8.20cm® appears

at r/R=0.85; when NPSH, =7.15m, the maximum cavita-
tion area of 22.8 cm” appears at /R =0.75. This phenome-
non verifies that the cavitation in the water-jet propulsion
pump mainly occurs in the area near the tip of the blades.
The cavitation coverage area expands from the tip to the
root as the net positive suction head drops. The maximum
cavitation area in the impeller domain moves from the tip
to the root of the blades.

The evolution of cavitation is closely related to the flow
field structure. There are many ways to identify the vortex
structure [45]. To better analyze the structure of the flow
field, the Q-criterion is introduced to describe the vortex:

1 1
Q= 2 (||Q||2 - ||S||2) = P (Qij'jS _Sijsji)’ (5)
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FiGure 10: Cavitation vortex structure at NPSH, =7.15m. (The
vortex center region is shown as pink isosurface of Q =5e + 05572
, and the green areas represent cavitation structures.)

where Q represents the second-order invariant of the veloc-
ity gradient tensor under Galileo transformation. Q repre-
sents the vorticity tensor and S represents the deformation
rate tensor, which are, respectively, defined as

1 (0u; Ou;
S“ =_ = _J S
vo2 <axj " axl)

0= (%% _ %%
7o2\0x; ox; )’
where i and j, respectively, represent different directions. It
can be seen from the equation that Q is equal to the value
of vorticity tensor subtracting the deformation rate tensor.
When Q>0, it means that the tendency of rotation is
greater than the tendency of axial deformation. At this
time, it can be considered that the flow in this area is
dominated by eddy flow.

Figure 8 shows the cavity distribution on different r/R
spanwise sections. When r/R=99.5%, the cavity in the
impeller is divided into two parts: the attached cavity on
the suction surface of the blades and the elongated vortex
cavitation appearing at the leading edge of blades. When r/
R =80%, only attached cavity exists on the blades. When r/

R is 80%, the cavity length is greater than that when /R is
99.5%. Figure 9 shows the distribution of Q in the spanwise
section at different r/R locations. In the far-field region, the
Q values are negative. The results show that the trend of
axial deformation dominates the distribution of the Q value,
due to the rotation of the impeller. Also, it can be seen from
the figure that the method can accurately identify the core of
the tip leakage vortex (TLV) with a higher positive value on
the blades’ suction side (SS). The TLV region gradually
becomes longer with the decreases of NPSH . The Q value
near the initial position of the TLV is the highest. As the
TLV moves away from the leading edge, the Q value gradu-
ally decreases. But its value is still positive, and the flow is
still dominated by the rotational effect. There is an area with
extremely low value of Q around the TLV structure, which
reflects the restriction of the rotation effect and the deforma-
tion effect. At the position corresponding to the TLV struc-
ture in Figure 8(a), there is a slender cavitation on the SS of
the blades, and the shapes are basically similar. This cavita-
tion is caused by tip leakage. As shown in Figure 10, the
TLV structure seems a “boundary” that defines the cavita-
tion on the leading edge of the blades. The cavitation only
develops in this boundary. This is consistent with the results
observed through experimental results in Figure 6. Three
planes were set to analyze the relationship between tip leak-
age vortex and cavity structure as shown in Figure 12. The
area of tip leakage vortex is small on plane A. The cavitation
structure is located at the vortex core. And the value of Q
beyond the phase boundary is also high. The development
of tip leakage vortex will be affected by the rotation of the
impeller. From plane A to plane C, the TLV region gradu-
ally became bigger and the max value of Q reduced. The
position of the phase boundary moves away from the vor-
tex core area.

4.2. Prediction of Cavitation Erosion. Cavitation will cause
damage to the pump blades, and the erosion profile in
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FIGURE 13: Distribution of cavitation erosion on pumps.

practical engineering is shown in Figure 13. Cavitation ero-
sion is a microscopic and transient process, but it is also
affected by macroscopic flow conditions. From the energy
point of view, the collapse of the cavitation bubble will pro-
duce a pressure wave. This pressure wave is one of the fac-
tors that cause cavitation damage. Based on the hypothesis

of Pereira et al. [25, 34], the potential energy of the cavity
structure is defined as

Epot = Ap X Vvap’

7
Ap= (P~ Psar)- 7
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The cavitation volume is reduced when cavity collapses,
and the pressure wave is released. The erosive power func-
tion Ppor €an be defined as [25, 27-30, 33, 35, 36, 40, 46]

aE ot a vaj aAp
Pon= gy AP 0 Ve X G
oa ap .
:(p_psat)xvcellxE"—Vcellx‘xxg’ lfppot—s’
(8)
A4 _
e v _ P Pl’ (9)
Vcell Py~ P

where p is the pressure surrounding the vapor (Pa), p,, is
the saturated vapor pressure (Pa), V., is the vapor volume

(m®), Vi is the volume of the grid (m?), « is the vapor
volume fraction, and ¢ is the threshold.

There are 5 key parameters in equation (8), which are p,
«, Op/ot, and da/0t. In order to better analyze the distribu-
tion of related parameters and their influence on cavitation
erosion prediction, the distribution information of related
parameters at different spans was extracted and drawn in
Figures 14-16. Figure 14 shows the cavitation volume frac-
tion distribution under rated flow rate. When NPSH, =

vap

9.90 m, there is a tiny cavity near the tip at r/R=80% and
99.5%. At the position of r/R=280%, the cavity coverage
length is longer than that at r/R=99.5%. But near the root
at r/R=20%, 40%, and 60%, no cavity exists. When the net
positive suction head decreases to 8.16 m, the cavity volume
at r/R=80% and 99.5% near the tip increased rapidly. In the
flow direction, the length of the cavity coverage becomes
longer, but the length of the cavity at the position of 7/R =
80% is still greater than that at /R = 99.5%. Cavitation also
exists at r/R=20%, 40%, and 60%. With a change of /R
from tip to the root, both the vapor content and the coverage
length decreased. When NPSH,=7.15m, the coverage
length of cavity at different r/R positions becomes longer.
The position with the longest cavity is at /R =60%. The
maximum vapor content at the positions of r/R=20%,
40%, and 60% all becomes larger. Comparing the vapor vol-
ume fraction distribution under different NPSH_, it can also
be observed that the leading edge of the blade at #/R = 99.5%
has lower vapor content. The cavitation volumes at the lead-
ing edge (LE) of the blade at /R = 80% position rise rapidly
along the flow direction. The cause of this change may be
due to the existence of the tip leakage vortex.

The pressure distribution on the blade surface will
directly affect the performance of blades [51]. Figure 15
shows the absolute pressure distribution on the suction
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surface of the blade under rated flow rate. The pressure grad-
ually increases along with the flow direction. The absolute
pressure near the root position when streamwise length
ranges from 0 to 0.5 is greater than that near the tip position.
But when streamwise length ranges from 0.5 to 1.0, the
result is opposite. As the inlet pressure drops, the maximum
pressure value on the blade gradually decreases. Due to the
coverage of the cavity, the area where the absolute pressure
is less than 50kPa gradually becomes larger.

dp/dt can be used as an indicator for cavitation predic-
tion [47]. Figure 16 shows the distribution of dp/dt under
the rated flow rate. When NPSH , = 9.90 m, the variation of
dp/dt mainly appears at the leading edge and trailing edge
of the blades. The maximum value of |dp/dt| appearing
on the leading edge is greater than that appearing on the tail-
ing edge. As the net positive suction head decreases to
8.16 m, the maximum value of |dp/dt| still appears at the
leading edge of the blade. But the fluctuation area of dp/dt
near the trailing edge of the blade begins to become larger.
When NPSH,, decreases to 7.15 m, the area with large fluctu-
ations of dp/dt on the suction surface of the blade expanded,
and the maximum value of |dp/dt| on the blade also
increased from 0.87e + 06 to 1.34e + 06. This phenomenon
shows that as the net positive suction head drops, the pres-
sure fluctuations gradually become larger.

Figure 17 shows the distribution of da/dt under the rated
flow rate. The distribution of da/dt is related to the location
of the cavity. When NPSH, = 9.90 m, the sudden change of
da/dt mainly appears on the leading edge of the blade, and
when NPSH,, = 8.16 m, the sudden change of da/dt appears
when streamwise length ranges from 0 to 0.7. The sudden
change of da/dt appears when streamwise length ranges
from 0 to 0.8 if NPSH,, is 7.15 m. This distribution is consis-
tent with the results in Figure 7. It can also be seen that as
the net positive suction head decreases, the maximum value
of |da/dt| also increases from 11.5 to 29.6. This phenome-
non shows that as the net positive suction head decreases,
the fluctuation of the vapor content gradually increases.

The unsteady simulation captured the transient contours
of vapor volume fraction, dp/dt, da/dt, and p,,. The erosion

caused by cavitation is the result of a long-duration accumu-
lation. To better predict the erodible region, the Matlab code
was used to process the images into time-averaged results.
For ease of description, the abbreviated form is expressed
as follows: TAV (time-averaged vapor volume fraction),
TAA (time-averaged da/dt), TAP (time-averaged dp/dt),
and TAPP (time-averaged ppot).

72 snapshots were set during one rotation. The image
processing method refers to the singular value decomposi-
tion (SVD) [48]. An image can be interpreted as a matrix
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by linear transformation, described by eigenvalues and
eigenvectors. If the flow variables U(t, x) (pressure, velocity,
etc.) during a period of time ¢ are known (where x is the
space vector of the flow field), the time information of M
moments is stored in the form of row vectors and the spatial
information of N nodes is stored in the form of column vec-
tors. The matrix can be expressed as

[u(ty,x)  u(t,x)  u(t),x;) u(ty, xy) |
u(ty, x)  u(ty,xy)  u(tyx3) u(ty xy)
U(tix;) =
Lu(tap X))  u(tapXy)  u(tysx3) u(tys xy) |

(10)

The time average of the transient variables at each node
can be expressed as

(11)

Figure 18 shows the TAA distribution after one rotation
at rated flow rate. Based on the hypothesis of macroscopic
cavitation, pressure waves will be generated when the vapor
content decreases. The threshold of the da/dt parameter was
set to (—20,0). When NPSH,, is 9.90 m, the large value of |
TAA | appears near the leading edge of the blade near the
root. Compared with the other two NPSH,, the maximum
value of |TAA| is smaller and the distribution area is not
obvious. As the net positive suction head decreases, the
TAA distribution area gradually becomes larger, expanding
from the leading edge to the tailing edge along the flow
direction and from the tip to the root along the span direc-
tion. The maximum value of |TAA | on the suction surface
of the blade gradually becomes larger. Compared to
Figure 17, it can be seen that the distribution of TAA
matches with the shape of the cavity coverage line.

A pressure pulse with positive amplitude is an important
indicator of cavitation erosion [47]. The threshold of the d
pldt parameter was set to (0, 1.0e+ 06). Figure 19 shows
the TAP distribution after one rotation at rated flow rate.
It can be seen from the figure that there is a higher value
on the leading edge of the blade after the time-averaged
treatment. The occurrence of this area is related to the
impact of the incoming flow on the blades. At the rear part
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FIGURE 18: Time-averaged da/dt.

of the blade, the distribution of TAP is related to the distri-
bution of cavities. The high TAP in the midstream without
cavitation is concentrated and is also close to the root of
the blade, as shown in Figure 19(c). As the net positive suc-
tion head decreases, the maximum value of TAP gradually
increases, and it gradually moves to the trailing edge.

Based on the distribution of TAA and TAP, the time-
averaged distribution of erosion power after one rotation is

obtained based on equation (8), as shown in Figure 20. The
shape of the erosion region in the figure matches with the cav-
itation coverage area in Figure 21. This is consistent with the
conclusions obtained by other scholars [49]. The result of cav-
itation prediction is also consistent with the phenomenon in
Figure 13. The light-colored areas on the blades represent cav-
itation erosion in the figure. Cavitation erosion first appeared
near the tip of the blade and developed to the trailing edge of
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the blade along the flow direction. There is more cavitation
erosion near the tip of the blades. And cavitation erosion basi-
cally does not exist on the blade roots. The simulation results
showed the same trend. When NPSH,, is 9.90 m, the region
of cavitation erosion appears at the leading edge near the tip
with a near-triangular shape. The erosion area expanded when

NPSH,, is 8.16 m and mainly distributed near the tip. The high
value distribution of TAPP is basically located near the cavity
closure. As the net positive suction head continues to decrease,
the erosion area expands toward the trailing edge of the blade
along the flow direction and expands toward the root of the
blade along the span direction. It can be observed from
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Figure 20 that as NPSH, decreases, the maximum value of
TAPP gradually increases, and the risk of erosion becomes
more serious.

5. Conclusion

Simulated and experimental methods were used to study the
unsteady flow mechanism and cavitation erosion in a water-
jet pump, and the following conclusions are obtained:

(1) The head of the water-jet pump calculated by using
the DCM-SST turbulence model is 12.48 m. The cal-
culation error at the rated head is 3.8%

(2) With the decrease of the net positive suction head,
the position where the severe cavitation appears in
the impeller domain gradually moves from the tip
to the root

(3) The erosion region obtained by the erosion power
method is similar to the cavity profile. As the net
positive suction head decreases, the erodible area
and the erosion intensity become larger
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