
lable at ScienceDirect

Nuclear Engineering and Technology 53 (2021) 3612e3624
Contents lists avai
Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net
Original Article
A cavitation performance prediction method for pumps:
Part2-sensitivity and accuracy

Long Yun a, *, Zhang Yan b, Chen Jianping b, Zhu Rongsheng a, Wang Dezhong c

a National Research Center of Pumps, Jiangsu University, Zhenjiang, 212013, Jiangsu, China
b Marine Design and Research Institute of China, NO 1688 South Xizang Road, Shanghai, 200011, China
c School of Mechanical Engineering, Shanghai Jiaotong University, Shanghai, 200240, China
a r t i c l e i n f o

Article history:
Received 8 December 2020
Received in revised form
27 April 2021
Accepted 20 May 2021
Available online 27 May 2021

Keywords:
Pumps
Cavitation performance prediction method
Cavitation
Pressure isosurface
* Corresponding author.
E-mail address: longyun@ujs.edu.cn (L. Yun).

https://doi.org/10.1016/j.net.2021.05.027
1738-5733/© 2021 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

At present, in the case of pump fast optimization, there is a problem of rapid, accurate and effective
prediction of cavitation performance. In “A Cavitation Performance Prediction Method for Pumps PART1
-Proposal and Feasibility” [1], a new cavitation performance prediction method is proposed, and the
feasibility of this method is demonstrated in combination with experiments of a mixed flow pump.
However, whether this method is applicable to vane pumps with different specific speeds and whether
the prediction results of this method are accurate is still worthy of further study. Combined with the
experimental results, the research evaluates the sensitivity and accuracy at different flow rates. For a
certain operating condition, the method has better sensitivity to different flow rates. This is suitable for
multi-parameter multi-objective optimization of pump impeller. For the test mixed flow pump, the
method is more accurate when the area ratios are 13.718% and 13.826%. The cavitation vortex flow is
obtained through high-speed camera, and the correlation between cavitation flow structure and cavi-
tation performance is established to provide more scientific support for cavitation performance pre-
diction. The method is not only suitable for cavitation performance prediction of the mixed flow pump,
but also can be expanded to cavitation performance prediction of blade type hydraulic machinery, which
will solve the problem of rapid prediction of hydraulic machinery cavitation performance.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pumps are essential machinery in the various industries. The
cavitation performance is significant for pumps, and the perfor-
mance degradation of the pump will also affect the safety and
stability of the pump system.

The cavitation phenomenon includes the phase transition pro-
cess and the large-scale vortex of the vapor phase and the liquid
phase. Cavitation flow is a complex unsteady two-phase turbulent
flow with very complex mass, momentum and energy exchanges
between the bubble and the liquid. Accurate prediction and simu-
lation of cavitation vortex flow put forward a huge challenge to the
numerical simulation method of cavitation.

In recent years, with the development of computational fluid
dynamics, the numerical calculation of cavitation flow based on the
appropriate cavitation model has attracted more and more
by Elsevier Korea LLC. This is an
attentions [2]. Bangxiang Che [3] investigated the effects of micro
vortex generators (VGs) installed close to the leading edge of a
quasi-two-dimensional NACA0015 hydrofoil under cavitating and
non-cavitating conditions. By reduction in the height of the micro
VGs, a delayed vortex break-down is found, leading to an increase
in the length of the cavitating vortex pattern. This allows for
enhanced control on the cavity dynamics, especially with respect to
the penetration depth of the re-entrant jet. Aiming at under-
standing the aggressiveness of cavitation structures and the in-
tensity of impact changed by microvortex generators, Ning Qiu [4]
conduct experimental investigation of impulsive loading on the
hydrofoil surface from collapsing cavities, and attempts to predict
the cavitation erosion aggressiveness and the relationship with
cavitation structureswere based on visual observations. Tip leakage
vortex (TLV) cavitation is a common, complicated problem in hy-
draulic turbines and waterjet pumps. Xiaorui Bai [5] computed the
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tip leakage vortex cavitating flow generated by a straight hydrofoil
using Large Eddy Simulation combined with Zwart-Gerber-Belamri
cavitation model. The evolution of tip vortices is observed to be
affected by the free shear layer around TLV dramatically, which
means that it may play an important role in TLV cavitating flow.
Shun Xu [6] conducted numerical simulation with the scale adap-
tive simulation (SAS) turbulence model and Zwart-Gerber-Belamri
(ZGB) cavitation model to understand the cavitation-vortex inter-
action in the blade tip region, and found that all vortex identifica-
tion methods can accurately predict the tip separation vortex in the
blade tip region. Yu Zhao [2] utilized a new cavitation model taking
into account the effects of vortex on mass transfer process in
cavitation for the computations of the developed tip leakage vortex
cavitating flows, used the two-equation keu Shear-Stress Trans-
port (SST) model with wall function treatment for turbulence
closure, and found that as the decrease of the cavitation number,
the leading edge attached cavity develops gradually and covers the
suction side. Huaiyu Cheng [7] propose an new Euler-Lagrangian
cavitation model based on Rayleigh-Plesset (ReP) equation, tak-
ing into account the non-condensable gas, and obtained a signifi-
cant improvement of the TVC prediction. Yun Long [8] used Large
eddy simulation (LES) to simulate turbulent cavitating flow around
a conventional marine propeller (CP) and a highly skewed marine
propeller (HSP) with emphasis on the skew angles effects, andmost
of the important flow structures including the tip vortex, leading
edge vortex, trailing vortex and internal jet are reproduced by the
current LES simulations. Chengzao Han [9], Wang, Changchang [10]
and Zheng Yanan [11] focus on the cavitating flow with special
emphasis on the cavitation-vortex interaction. Zhang Desheng
[12e14] used numerical and experimental methods to analyze the
characteristics and development mechanism of the tip clearance
vortex cavitation and the perpendicular cavitation vortex at the
suction surface of the axial flow pump. The cavitation flow char-
acteristics were obtained by high-speed photography technology.
The Zwart cavitation models and the modified SST k-u turbulence
model were used in the numerical calculation of cavitation flow. D.
Tan [15] used high speed photography technology, combined with
the pressure measurement of the cavitation process, to study the
effects of large-scale cavitation vortex structures on the steep drop
in the performance of an axial flow propulsion pump. In the past, in
the rapid optimization of pump cavitation performance, the hy-
draulic performance of the pump was calculated based on single-
phase flow, and the cavitation performance could not be obtained
through the cavitation model. Therefore, only the lowest pressure
value can be selected to evaluate the changing trend of the influ-
ence of blade geometric parameters on cavitation performance. In
2016, some scholars [16] used the minimum pressure to evaluate
the cavitation performance in the case of single-phase flow calcu-
lations when developing multi-parameter and multi-objective
optimization design, but the feasibility and accuracy of this
method need to be verified.

At present, the cavitation performance of the pump is mainly
obtained by two ways, one is through experimental measurement
[17], and the other is numerical calculation. The cost of experi-
mentally measuring the cavitation performance is too large [18]. If
the scale model experiment is adopted, the cavitation scale effect
will also occur. In terms of numerical calculation, the currently used
prediction method based on the cavitation model requires refined
calculations, which requires a high amount of grids and takes time
to calculate [19e21], and the calculation of the head down 3% point
is difficult to be found. On the other hand, it is difficult to find
critical cavitation conditions. The modern optimization design
method mainly adopts parameterization and artificial intelligence
coupling optimization, which requires direct correlation between
geometric parameters and pump performance. The modern pump
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optimization design method mainly adopts parameterization and
artificial intelligence coupling optimization, which requires direct
correlation between geometric parameters and pump perfor-
mance. The existing cavitation performance calculation method is
difficult to be integrated into multi-objective automatic coupling
optimization. Therefore, a fast method for pump cavitation per-
formance prediction is urgently needed. Long Yun [1] proposes a
novel and fast cavitation prediction method based on impeller
pressure isosurface at single-phase media.

In “A Cavitation Performance Prediction Method for Pumps PART1
-Proposal and Feasibility” [1], a new cavitation performance pre-
diction method is proposed, and the feasibility of this method is
demonstrated in combination with experiments of a mixed flow
pump. However, whether this method is applicable to vane pumps
with different specific speeds and whether the prediction results of
this method are accurate is still worthy of further study. Combined
with the numerical and experimental results, the paper will eval-
uate the sensitivity and accuracy to different flow rates. When the
optimal design of the pump is carried out, the head and efficiency of
the pump are obtained based on the numerical calculation of the
single-phase flow, and this new method is applied to the calcula-
tion of the cavitation performance of the pump. In this way, the
main three performances of the pump can be accurately obtained
through only one numerical calculation, thereby reducing the
number of optimization iterations and greatly improving the
optimization speed.
2. Pump model

2.1. Experiment method

The design parameters of the mixed flow pump are shown in
Table 1. The Equation of Specific speed is ns ¼ 3.65*n*Q0.5/H0.75.

In order to observe the cavitation flow pattern of the impeller
portion, a Plexiglas visualization window is opened in the impeller
shroud. The Plexiglas window and the pump body are perfectly
matched, as shown in Fig. 1. The high-speed camera measurement
arrangement of the mixed flow pump is shown in Fig. 2. Themiddle
section of the impeller is perpendicular to the longitudinal axis of
the camera, so that the measurement area is as full as possible. The
distance from the camera lens to the Plexiglas is about 0.5 m, and
the size of the shooting area is about 90mm� 180mm. The camera
used is a high-speed camera PCOS. The product achieves fast frame
rates at high photosensitivity and high dynamic range, reaching
4467 fps with a full resolution of 1008 � 1008 pixels. And this can
guarantee good image quality.

To capture the cavitation flow of the pump, the shooting fre-
quency is determined as follows. If the rotating speed of the pump
is n, and the impeller is required to acquire an image every certain
rotation degree a, the shooting frequency f is:

f ¼n� 360=60
a

(1)

In the formula, n is the impeller rotating speed, r/min, a is the
impeller rotation angle, �. In this paper, the camera is set as
shooting one image for each 2�of the impeller rotation, and the
shooting frequency value is calculate according to Equation (1).
2.2. CFD method

2.2.1. Hydraulic model
Hydraulic components include Suction, Impeller, Diffuser, and

Outpipe, as shown in Fig. 3. The Inlet-2D and Outlet-2D sections are
the inlet and outlet of the subsequent pump hydraulic performance



Table 1
Design parameters of test pump.

Design Parameters Design value Design Parameters Design value

Flow Q(m3/s) 0.46 Power N(kW) 70
Head H(m) 13 Specific speed ns 524.3
Rotating speed n(r/min) 1450 Impeller inlet diameter Dj(mm) 270

Fig. 1. 3D mixed flow pump and experiment system.

Fig. 2. High-speed photography visualization system.
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calculations, respectively. The impeller and diffuser act as key hy-
draulic components. The space in the outlet pipe is the shaft area.
The space in the suction pipe is simplified to a certain extent to
match the mesh of the impeller. In order to reduce the impact of
simplification, we choose very small space.
2.2.2. Meshing
The calculation model uses ICEM to perform structural meshing

on the calculation domain of the Suction and Outpipe. Turbogrid is
used to mesh the impeller and the diffuser. The meshing of the
impeller is shown in Fig. 4. The tip clearance of the grid is set to
Nomal Distance ¼ 0.3 mm. The number of grids of each hydraulic
component is: 1.27 million grids in the Impeller, 2.04 million grids
in the Diffuser, 0.45 million grids in Suction, and 0.37 million grids
3614
in Outpipe. The total grid number is about 4.13 million.
2.2.3. Numerical simulation
The commercial software ANSYS CFX was used to calculate the

internal flow the mixed flow in the pump. The liquid phase was
25 �Cwater with a density of 997 kg/m3 and a kinematic viscosity of
8.899 � 10�4 kgm�1s�1. When the cavitation occurs, the vapor
phase uses 25 �C water vapor, the density is 0.02308 kg/m3, and the
dynamic viscosity is 9.8626 � 10�6 kgm�1s�1. The convergence
residual is set to 10�5. The inlet boundary condition is pressure
inlets and the import turbulence is set to Medium (Intensity ¼ 5%).
The outlet boundary condition is mass outflow. The non-slip wall is
used for the solid wall. The impeller domain rotates with a speed of
1450 r/min. The blade and hub are arranged to rotate, and the



Fig. 3. Domain of hydraulic components.

Fig. 4. Assembly mesh.
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shroud wall speed is set to Counter rotating wall. The interface
between the rotating part and the stationary part is set to the
Frozen Rotor Interface. High Resolution is selected for the Advec-
tion Scheme Option, and the preset iteration step is 3000.

3. The predicted results analysis

3.1. Pressure isosurface before cavitation

A pressure isosurface is a surface upon which a particular
pressure surface has a constant value, called the level. The word
cavitation refers to the formation of vapor bubbles in regions of low
pressure within the flow field of a liquid [22]. In a certain pressure
range, cavitation is not extinguished. As for cavitation, a pressure
equalization surface can be constructed to predict the cavitation
region. The flow calculation is based on the single-phase in this
research. Generally, the inlet total pressure varies little. So, we
defined a low pressure isosurface. The corresponding pressure is
3615
expressed by Piso. NPSHa can ba obtained as shown in Equation (2)
[1],

NPSHa ¼ PTc � Piso
rg

(2)

The Piso is defined in Equation (3) [1].

Piso ¼ PTc � rg*NPSHa (3)

In this paper, NPSHa is obtained from available Net Positive
Suction Head of the cavitation test when the test circuit vacuuming.
NPSHa can also be obtained from available Net Positive Suction
Head according to cavitation two phase simulation. In this paper,
the NPSHa of pumps under different cavitation conditions (#1-#8)
is obtained through experiments, which can be obtain from the H-
NPSHa curve shown in Fig. 5. By Equation (3), we can obtain the
corresponding Piso. The NPSHa in a cavitation condition corresponds
to a pressure level Piso value. For instance, an isosurface of pressure



Fig. 5. Cavitation performance curve and area curve of pressure isosurface.

L. Yun, Z. Yan, C. Jianping et al. Nuclear Engineering and Technology 53 (2021) 3612e3624
would be a surface consisting of all the points in the geometry
where the pressure took a given value. There is a specific method to
get the result from CFX or other CFD software.

The NPSHa curve and Siso-NPSHa curve are shown in Fig. 5. Based
on the above cavitation assumptions, the low pressure isosurface
distribution before the #4 point is analyzed. The pressure isosur-
face contours of #1 and #4 are shown in Fig. 6.

Pressure isosurface area is the surface area of the equalization
pressure isosurface. It can be seen from the figure that, with the
NPSHa decrease, although the pressure value of the pressure
Fig. 6. Pressure isosurface
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isosurface changes from �25001.7 Pa to 14902.3 Pa, the area of
pressure isosurface of #1 and #4 change little. From the distribu-
tion position of pressure isosurface, it can be seen that, the low
pressure isosurface mainly locates at the blade leading edge, and
close to the tip of the blade. At the same time, there is also a small
low pressure region in the tip clearance and the blade leading edge
intersection area. Besides, cavitation also firstly occurs in the above
region. As the pressure value of the pressure isosurface changes
from �25001.7 Pa to 14902.3 Pa, the low pressure isosurface
gradually extends from the blade tip to the root along the blade
leading edge. At #4 operating condition, the low pressure region
begins to appear in the local area at a certain position behind the
blade leading, as indicated by point A in Fig. 6(d). The pressure
value of pressure isosurface is Piso ¼ 14902.3 Pa, and the area of
pressure isosurface is Siso ¼ 0.0010765 m2. The area ratio of the
pressure isosurface area accounting for the blade area is
Rs ¼ 0.766%.
3.2. Pressure isosurface after cavitation inception

With the decrease of the NPSHa, the low pressure isosurface
distributions after the # 4 operating condition are analyzed. The
pressure isosurface contours of conditions #5 ~ #8 are shown in
Fig. 7. It can be seen that with the pressure value of the pressure
isosurface changing from 19303.48 Pa to 27714.63 Pa, the area of
pressure isosurface of #5 ~ #8 increases gradually. As can be seen
from the distribution position of the pressure isosurface contour,
the low pressure isosurface is mainly located at the blade leading
edge and the point A region as defined in Fig. 6(d) at #4 condition.
cloud of #1 and #4.



Fig. 7. Pressure isosurface cloud of #5 - #8.

Fig. 8. Key parameters process of cavitation prediction method based on pressure isosurface area.
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Table 2
Parameters of pressure isosurface of NPSHc at different flow rates.

Flow rates Critical NPSH Inlet pressure Minimum pressure Pressure isosurface Minimum pressure NPSH Pressure isosurface area Blade area Area ratio

Q NPSHc pTc Pmin Piso NPSHcm Siso Si Rs

m3/s m Pa Pa Pa m m2 m2 %

0.46 7.49 100383 �124167 27098.5 22.96 0.018286 0.14046 13.02
0.44 7.3 100457 �169278 29060.1 27.58 0.019603 0.14046 13.96
0.42 7.18 100528 �227608 30285.2 33.55 0.019761 0.14046 14.07
0.4 7.11 100597 �291736 31097.5 40.11 0.019402 0.14046 13.81
0.37 7.37 100695 �460202 28662.4 57.35 0.017004 0.14046 12.11

Fig. 9. Comparison of NPSHc and NPSHcm at different flow rates.
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However, the pressure isosurface distribution is different from
the # 4. With the setting pressure value of the pressure isosurface
increase, the area of the pressure isosurface at the point A gradually
extends to the surrounding region and covers the area of the blade
tip.
3.3. Analysis of cavitation prediction method based on pressure
isosurface under different flow conditions

The above key parameters can be obtained according to func-
tions in CFX-post. The specific definition and the post-processing
are shown in Fig. 8. When judging critical cavitation and when
the lift drops by 3%, at this time, the NPSHa will correspond to a
Fig. 10. NPSHc, Siso and Rs at different flow rates.
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certain equivalent pressure Piso, pressure isosurface Siso and area
ratio Rs. According the corresponding critical cavitation NPSHc and
the calculation process in Fig. 8, the pressure isosurface corre-
sponding to the critical cavitation at different flow rates, and
pressure isosurface area Siso、blade area Si and area ratio Rs are
obtained, as shown in Table 2.

The minimum pressure can be got from CFD results. There is a
specific method to get the result from CFX. The corresponding
NPSHcm in the table is defined as

NPSHcm ¼pTc � Pmin
rg

(4)

Usually, the principle of predicting pump cavitation perfor-
mance using the minimum pressure point is that, the minimum
pressure value is controlled by the blade design to suppress cavi-
tation nascent.

A comparison of the critical NPSHc obtained by the pump test at
different flow rates and the NPSHcm predicted by minimum pres-
sure by is shown in Fig. 9. As can be seen from the figure, firstly,
NPSHc and NPSHcm chaging with the flow rate are inconsistent. The
curve of NPSHc with flow rate is V-shaped, decreasing firstly and
then increasing with the decrease of flow rate. However, NPSHcm
continues to increase with the decrease of flow rate. It indicates
that the cavitation performance based on the minimum pressure
point cannot accurately describe the change trend of the cavitation
performance curve. Secondly, comparedwith theNPSHcm predicted
byminimum pressure, the critical NPSHc obtained by the pump test
or numerical simulation with cavitation model at different flow
rates are not in the same level of magnitude. Usually, when cavi-
tation affects the pump performance, cavitation has progressed to a
certain extent. At this time, the cavitation has occupied a certain
area of the flowpath between the blades. Therefore, comparedwith
the NPSHcm predicted by minimum pressure, it is relatively more
scientific and accurate to predict the cavitation performance based
on the pressure isosurface. Therefore, the widely accepted blade
design concept is that, the blade design is used to control the dis-
tribution and position of the low-pressure area as much as possible
without deliberately pursuing the minimum pressure point on the
blade.

According to Table 2, the variation curves of critical NPSHc,
pressure isosurface area Siso and area ratio Rs with different flow
rates are drawn. As shown in Fig. 10, as the flow rate decreases, the
pressure isosurface area Siso and the area ratio Rs increase first and
then decrease, and the trend is the opposite to the critical NPSHc. As
can be seen from the velocity triangle in Fig. 11, as the flow rate
decreases, the relative flow angle of the leading side of the blade
gradually decreases, and the relative velocity increases first and
then decreases. When the attack angle is negative at a large flow
rate, the low pressure isosurface area of the suction side of the
blade is reduced. A large negative angle of attack causes a low-
speed zone at the leading edge of the blade, resulting in relatively
high pressure. When the attack angle is positive at a large flow rate,
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the low pressure isosurface area of the suction side of the blade is
reduced. Large positive angle of attack will result in the leading
edge of the blade pressure surface of a partial higher pressure,
resulting in a reduction of the total area of low pressure. It accounts
for the change in the pressure isosurface of the blade is shown in
Fig. 10.

The pressure isosurface distributions of different flow rates at
the critical NPSHc are shown in Fig. 12. As can be seen from the
figure, when Qopt is 0.46 m3/s, since the attack angle is negative at
this time, the pressure isosurface of a large area does not appear
behind the leading edge of the suction side of the blade. Instead, the
pressure isosurface of a large area extends backwards for a distance.
As the flow rate is further reduced, the attack angle is reduced and
the pressure isosurface of the large area begins to approach to the
leading edge.When the flow rate is reduced to Qopt¼ 0.42m3/s, the
pressure isosurface of a large area has been connected to the
pressure isosurface of the leading edge. In this process, the pressure
isosurface area also gradually increases. As the flow rate continues
to decrease, the velocity begins to decrease, resulting in a decrease
in the pressure isosurface area.

When analyzing the pressure isosurface under design condi-
tions in Fig. 5, as the NPSHa decreases, the pressure isosurface area
Siso increases suddenly. The pressure isosurface area Siso after the
sudden increase exhibits an approximately linear variation law.
This article uses the method of Fig. 5 to analyze the pressure iso-
surface areas Siso with the variation of the NPSHa under the con-
ditions of Qopt ¼ 0.44 m3/s, Qopt ¼ 0.42 m3/s, Qopt ¼ 0.40 m3/s and
Qopt ¼ 0.37 m3/s, as shown in Fig. 13. It can be seen from the figure
that the curve of the pressure isosurface area Siso under each flow
rate increases slowly first, then increase approximately linearly
with the decrease of the NPSHa.

In Fig. 5, a hypothetical assumption of primary cavitation pre-
diction based on single-phase flow pressure is proposed. While the
area of pressure isosurface Siso in the pump impeller firstly increase
slowly with NPSHa reduction. Then at the operating condition # 4,
the area of pressure isosurface Siso begins to show a significant
linear increase with the NPSHa decrease. According to this hy-
pothesis, the turning points of the pressure isosurface area Siso
increased significantly under different flow rates. When cavitation
occurs, the pressure isosurface area Siso at different flow rates in-
creases approximately linearly with the NPSHa. This indicates that
with the development of cavitation, the head is consistent with the
change of pressure isosurface. Therefore, for the determined
Fig. 11. Velocity triangle at different flow rates.
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impeller blades under different flow rates, the cavitation perfor-
mance can be predicted by the pressure isosurface area ratio.
3.4. Cavitation performance prediction method based on pressure
isosurface at single-phase

From the previous analysis, the relationship between pressure
isosurface and cavitation performance is analyzed. The variation
laws of pressure isosurface area Siso and area ratio Rs withNPSHa are
also analyzed. The mechanism of the pressure isosurface area cor-
responding to the critical NPSHc versus flow rate is described. It is
found that the pressure isosurface area Siso and the NPSHa are
approximately linear when cavitation occurs. Based on these, a
cavitation performance prediction method based on the pressure
isosurface area ratio obtained by single-phase flow simulation is
proposed. This section will present an implementation method for
the cavitation performance prediction method based on the pres-
sure isosurface area ratio. For the hydraulic model of pump, the
cavitation performance predictions under different flow rates are
carried out. The accuracy and feasibility of the cavitation prediction
method are analyzed by the test results.

Numerical calculation method in “A Cavitation Performance
Prediction Method for Pumps PART1 -Proposal and Feasibility” is
adopted for inner flow calculation of the pump with single-phase
[1]. In the post-processing of calculation results, the determined
area ratio Rs can be obtained by interpolating the equivalent
pressure Piso multiple times. The Rs at this time can be confirmed
according to Table 2. The critical NPSHciso is obtain by Equation

NPSHa ¼ PTc�Piso
rg . At this time, NPSHciso ¼ NPSHa ¼ NPSHr. NPSHciso is

the critical NPSHc of the pump based on the pressure isosurface
cavitation performance prediction method. The specific imple-
mentation process is shown in Fig. 14. Select Rs corresponding to
the critical NPSHc at different flow rates in Table 2, and approach Rs
bymultiple interpolation isosurface pressure value according to the
method of Fig. 14. The pressure values of pressure isosurface at flow
rates of 0.46 m3/s, 0.44 m3/s, 0.42 m3/s, 0.40 m3/s, 0.37 m3/s are
calculated respectively, and the calculation results are shown in
Table 3. According to Table 3, the isosurface pressure variations
with flow rate at different area ratio are plotted is in Fig.15. It can be
seen from the figure that as the flow rate increases, the corre-
sponding isosurface pressure of different area ratios gradually de-
creases, and as the area ratio increases, the isosurface pressure
curve showes an increasing trend.

According to the pressure isosurface cavitation performance
predictionmethod in Fig.14, the final pump cavitation performance
is evaluated by the predictedNPSHciso. At this time, NPSHciso is equal
to NPSHa in Fig. 14. Accordingly, the pressure isosurface area Rs
corresponding to the critical NPSHc at different flow rate in Table 2
are taken as the prediction reference. The critical NPSHc at the flow
rates of 0.46 m3/s, 0.44 m3/s, 0.42 m3/s, 0.40 m3/s, 0.37 m3/s are
calculated respectively and listed in Table 4. In order to compare the
predicted results with the experimental values, the critical NPSHc
values measured at different flow rates are also listed in Table 4.
According to the data in Table 4, the critical NPSHciso under each
flow rate predicted based on different pressure isosurface area ratio
Rs is plotted, which is compared with the critical NPSHc measured
by tests at different flow rates, as shown in Fig. 16. The variation
trends of critical NPSHciso predicted by Rs at different flow rates are
consistent. That is, as the flow rate decreases, the critical NPSHciso

predicted by the area ratio Rs is gradually reduced. The critical
NPSHc measured by the test begins to decrease gradually with the
decrease of the flow rate. When the flow rate is reduced to 0.40 m3/
s, as the flow rate continues to decrease, the measured critical
NPSHc begins to increase gradually. It can be found that as the area



Fig. 12. The pressure isosurface cloud of NPSHc at different flow rates.
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ratio increases, the prediction result is closer to the experimental
value. Especially when the area ratio is 13.718% and 13.826%, the
prediction results of cavitation performance at the flow rate of
0.40m3/s~0.46m3/s are closer to the experimental values. For other
specific speed vane pumps, a numerical calculation method based
on a cavitation model can be used to obtain NPSHr, and then the
pressure isosurface and its area can be determined according to the
iterative method in Fig. 14. The cavitation performance test can also
be used to determine NPSHr, but the cost of the test is higher.

After the cavitation performance are predicted based on the
3620
different pressure isosurface area ratios, in order to further
analyzed the accuracy of the prediction results, it is very necessary
to carry out the analysis of the relative error of the critical NPSHciso
and the experimental values. To this end, we define the relative
error of the critical NPSH. The relative error is expressed by dNPSH,
its definition formula is as Equation (5),

dNPSH¼NPSHciso � NPSHc

NPSHc
� 100 (5)



Fig. 13. Pressure isosurface area varies versus NPSHa at different flow rates.

Fig. 14. Cavitation performance prediction based on pressure isosurface.

Table 3
Isosurface pressure values at different flow rates based on the area ratio Rs.

Rs(%) 12.707 13.718 13.826 13.154 12.714

Qopt(m3/s) Piso(Pa) Piso (Pa) Piso (Pa) Piso (Pa) Piso (Pa)

0.46 27098.5 27508.3 27577.2 27171.5 26909.0
0.44 27799.0 28684.0 28841.5 27972.2 27465.8
0.42 28303.5 29588.7 29811.4 28564.6 27889.7
0.40 29443.5 30893.6 31113.8 29815.0 29026.4
0.37 30273.0 31873.5 32097.2 30725.8 29851.7

L. Yun, Z. Yan, C. Jianping et al. Nuclear Engineering and Technology 53 (2021) 3612e3624
The calculated relative error is shown in Table 5. The trends of
the relative error with the flow rate are shown in Fig. 17 With the
decrease of flow rate, the relative error of different area ratio in-
creases first and then decreases, and the overall change law is
consistent. When the ratio of pressure isosurface area to the leaf
area is 13.718% and 13.826%, the relative errors between the critical
NPSHciso and the experimental value NPSHc at the flow rates of
0.40 m3/s~0.46 m3/s are small. However, at the flow rate 0.37 m3/s,
the relative error is large. This also indicates that when area ratio Rs
of 13.718% and 13.826% are selected in the case of small flow rate
conditions, the relative error based on the area ratio cavitation
prediction is larger. The reason is that the attack angle at the blade
3621
leading changes significantly at small flow rates, and the complex
flow field structure leads to a change in the mechanism of its effect
on cavitation, and the accuracy of the prediction method based on
the area ratio is reduced.
4. Discussions

The cavitation performance experiment is to reduce the pres-
sure at the pump inlet in the closed circuit. The change of NPSHc
obtained in the test of 0.37 m3/s in Fig. 16 is relatively large, mainly
because when the flow rate is reduced to 0.37 m3/s, although the
inlet pressure is continuously reduced, the pump head decreases
slowly. Finally, no matter how the vacuum is drawn, the inlet
pressure of the pump cannot drop, as shown in Fig. 11. The last
NPSHa was used as the NPSHc of 0.37 m3/s. This is mainly limited by
experimental conditions. This is a fact. It did not affect the research.
For the flow rate of 0.37 m3/s, the relative error is larger. However,
the maximum relative error is �4.77%, still less than 5%.

In order to show the cavitation area and cavitation flow vortex
structure during the development of cavitation, the high-speed
camera results of cavitation flow in different cavitation conditions
are shown in Fig. 18. It can be seen from the figure that the cavi-
tation flow is very complicated. The separation vortex cavitation is
at the tip side of the blade. There is a sheet cavitation that attached
to the suction side of the blade near the top of the blade. By the
entrapment of the tip leakage vortex, the shearing of the tip
clearance flow and the main stream turbulence, the sheet cavita-
tion and the detached cloud cavitation are drawn into the top of the
blade, and the PCVs are formed in the flow channels. As the NPSHa

decreases, the sheet cavitation grows continuously and fall out
cloud cavitation at its trailing edge, thereby inducing the PCVs.
Therefore, the main cavitation feature that causes a drop in pump
performance is the sheet cavitation attached to the suction side of
Fig. 15. Isosurface pressure variations with flow rates at different area ratio.



Table 4
The NPSHciso of different flow rates based on the area ratio Rs.

Rs(%) 12.707 13.718 13.826 13.154 12.714 Test results

Qopt(m3/s) NPSHciso (m) NPSHciso (m) NPSHciso (m) NPSHciso (m) NPSHciso (m) NPSHc (m)

0.46 7.493 7.451 7.444 7.486 7.512 7.493
0.44 7.429 7.339 7.322 7.411 7.463 7.300
0.42 7.385 7.253 7.231 7.358 7.427 7.182
0.40 7.275 7.127 7.105 7.237 7.318 7.106
0.37 7.200 7.037 7.014 7.154 7.243 7.365

Fig. 16. The NPSHciso of each flow rates based different area ratios.

Table 5
The relative errors of NPSHciso between experiment values and predicted values by
area ratio method.

Rs(%) 12.707 13.718 13.826 13.154 12.714

Qopt(m3/s) dNPSH (%) dNPSH (%) dNPSH (%) dNPSH (%) dNPSH (%)

0.46 0 �0.559 �0.653 �0.100 0.259
0.44 1.768 0.528 0.308 1.525 2.234
0.42 2.824 0.994 0.677 2.452 3.413
0.40 2.383 0.296 �0.021 1.848 2.983
0.37 �2.235 �4.457 �4.767 �2.863 �1.650

Fig. 17. The relative errors of NPSHr between experiment values and predicted values
by area ratio method.
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the blade. It can also be seen from the figure that cavitation occurs
primarily in a certain area, and then is entrained by the complex
vortex structure in the impeller, which moves and collapses with
the mainstream. The various types of cavitation seen in the figure
have their origins in the primary cavitation area. The cavitation
pressure isosurface exhibited by the cavitation prediction method
presented in this paper is used to show the cavitation primary area.

The Vapor Fraction (VF) in the process of cavitation develop-
ment is obtained through numerical calculation based on the
cavitation model. It can be found from Fig. 18 that the change law of
the VF and the pressure isosurface area Siso are consistent. This fully
shows that the new cavitation prediction method can replace the
traditional cavitation numerical calculation method.

In order to further explore the flow characteristics of the suction
surface at different cavitation conditions, this paper extracted the
Water Velocity isosurface of 24 m/s and compared it with 0.3% VF-
isosurface, as shown in Fig. 19.

At the same time, the water superficial velocity vector is iden-
tified on theWater Velocity isosurface, and the value of the velocity
vector is equal to the product of the water velocity and the water
volume fraction. As shown in Fig. 19, a lower water superficial
3622
velocity will appear near the suction surface of Water Velocity
isosurface. Here, as the VF increases, the value of velocity vector
will be lower. The surface velocity of Water Velocity isosurface that
is not in contact with the cavitation region is still the flow rate of
water, so there will be no low-velocity zone. From the VF the TIP
area, the suction surface of the blade and the surface near the TIP
have all been covered with cavitation, which is consistent with the
experimental observations. At the same time, the cavitation
adsorbed on the blade surface is mainly sheet cavitation. In the
experiment, it was observed that the TIP of the blade was covered
with a large numbers of cavitation bubbles, which was mainly due
to the vortex structure's entrainment and rubbing caused by the
high-speed fluid in the tip area.

This method is mainly used to solve the problem of rapid pre-
diction of cavitation performance. The traditional cavitation per-
formance is mainly obtained by cavitation performance test. As the
cavitation model is proposed and developed, the cavitation per-
formance can also be obtained by using the cavitation model nu-
merical calculation. The method adopted is to reduce the pump
system pressure or the pump inlet pressure. Firstly, obtain the
performance curve of the entire cavitation development process,
and then find the corresponding cavitation performance (NPSHc)
when the pump head drops by 3%. However, this method is
complicated and has too many steps for the optimization design of
pump cavitation performance.

In the case of pump optimization, for solving the problem of
rapid, accurate and effective prediction of cavitation performance,
we found that there is a linear relationship between Siso with
cavitation performance NPSHa in PART1 [1], so Siso can be used to
represent NPSHa. Then, a new cavitation performance prediction



Fig. 18. The relationship between cavitation development and NPSHa, VF, Siso.

Fig. 19. Isosurface setting on the impeller blade.

L. Yun, Z. Yan, C. Jianping et al. Nuclear Engineering and Technology 53 (2021) 3612e3624
method is proposed, and the feasibility of this method is demon-
strated in combination with experiments of a mixed flow pump.

When we carry out the rapid optimization design of the pump,
such as the multi-parameter multi-objective intelligent optimiza-
tion, the method proposed in this article will be very convenient
and effective. The goal of the paper is to predict a cavitation using
CFX calculation with single phase (water), without experiments or
CFD calculation by cavitation model every time.

We only need to carry out one-time experiment or a numerical
calculation based on the cavitation model to obtain the cavitation
performance (NPSHc) under the design condition, and use the
cavitation performance (NPSHc) as the basis to calculate Ratio of
pressure isosurface area to blade area (Rs).
3623
5. Conclusions

A new cavitation performance prediction method was proposed
in PART1 [1]. Combined with the numerical and experimental re-
sults, the paper will evaluate the sensitivity and accuracy to
different flow rates.

(1) The critical NPSHciso based on different pressure isosurfaces
area ratio is consistent with the flow rate. For flow rates of
0.40 m3/s~0.46 m3/s, the variation laws of NPSHciso and
measured critical NPSHc with the flow rate are consistent.
This indicates that under certain operating conditions, the
cavitation performance prediction method based on
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different pressure isosurface area ratio has better sensitivity
to different flow rates. This is suitable for multi-parameter
multi-objective automatic coupling optimization design
method of pump impeller blades at certain operating
conditions.

(2) When area ratio is 13.718% and 13.826%, the relative errors
between the critical NPSHciso and the experimental NPSHc at
the flow rates of 0.40 m3/s~0.46 m3/s are less than 1%. And at
the flow rate of 0.37 m3/s, the relative error is larger. How-
ever, the maximum relative error is�4.77%, still less than 5%.
This also shows that the cavitation performance prediction
method based on the area ratio are accuracy. Also, when the
area ratio is 13.718% and 13.826%, the prediction results are
more accurate.

(3) In order to establish the correlation between cavitation flow
structure and cavitation performance, the cavitation vortex
flow characteristics of cavitation generation and develop-
ment are obtained, providing more scientific support for
cavitation performance prediction.
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Nnomenclature

Dj Impeller inlet diameter, mm
f Shooting frequency, Hz
H Design pump Head, m
n Impeller rotating speed, r/min
ns Specific speed
N Power, kW
NPSHa The available Net Positive Suction Head
NPSHc Critical Net Positive Suction Head
NPSHciso Critical NPSHc of the pump based on the pressure

isosurface
NPSHcm Corresponding Net Positive Suction Head minimum

pressure
Piso Pressure isosurface value
Pmin Minimum pressure
Q Design flow rate, m3/s
Qopt Operation flow rate
Rs Area ratio of the pressure isosurface area accounting for

the blade area
Si Blade area
Siso Area of pressure isosurface
a 2�of the impeller rotation
3624
dNPSH The relative error of the critical NPSHciso and the
experimental NPSHc values
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