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Abstract: Collapse of cavitation in flow passage of impeller for centrifugal pump stiasulated by CFX to numerically stimulate
internal features of cavitation when pressure at entrance continuingctmel. Results of numerical simulation and tests presented
consistent tendency. Cvol in the flow passage of impeller was zero ¥drile in the occurrence of cavitation collapse and then
increased sharply. After reaching a certain value, Cvol began toaserglowly. The amplitudes of head fluctuations increased with
decreasing flow within the interval prior to a specific value and then inedeagh increasing flow.
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1 Introduction cavitation were established. Non-steady features from
critical NPSH to steep drop of QH during cavitation
collapse of impeller of centrifugal pump was modeled by

Cavitation is a complex non-steady hydrodynamic . ) . .
P y Y FD numerical simulation. The calculation results were

phenomenon. The generation and development o . . . A
cavitation is an important research field on centrifugal €oMPared with experimental data to verify the reliability

pumps, which are main components of nuclear powelf)f the results in order to provide ref_erence for stu.dies on
pump. Cavitation of centrifugal pump is the process tha\tInternal non-stgad_y flow of centrifugal pump in the
the empty bubbles collapse in the impeller. This procesd’r€Sence of cavitation.
will produce huge impulse on impeller and pump body,
resulting in increasing vibration and large amplitude and ; ; ;
even cgusing accidegnt. Major researc?wes orrJ1 cavitatiog Numerical Simulations
include: Alicja Krella etal [,2,3,4] have carried out a 2.1 Cavitation model
large number of experiments on damage4s caused by
cavitation and corrosion; Mirko et. al.5[6,7,8,9]  The cavitation model is kind of mathematical model to
reported the changes of pressure pulsation and vibratiodescribe the conversion between water and water vapor.
in the process of cavitation. Researches on internal lawghe full cavitation model is used in this study and the
of cavitation mainly include: William A. 0] have effects of un-dissolved gas on cavitation were taken into
studied the generation of cavitation; Xaviet1] have  account. The density of fluid was regarded as function of
carried out researches on spiral cavitation. Manygas mass fraction in this model. Gas mass fraction can be
researchers have done a lot of work in the field ofused to solve transport equations, including both of mass
cavitation. However, these studies focused on features ogquation and momentum equation. Generally, the area
steady cavitation and vibration induced by cavitation. Nowith low pressure is more subject to cavitation, where
researches referring to features of transient flow duringspeed is relatively high. In such area, velocity slip
cavitation of centrifugal pump were found, especially between liquid and gas is quite small, which can be
researches on internal flow when O-H steep drop in theassumed to be zero. The converged solutions for liquid
occurrence of cavitation collapse. and cavitation bubble can be calculated from the mutual
Therefore, through review the results of previousiteration of the two-phase turbulence considering
studies, the transient computational model for collapse ofinter-phase forces.
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2.2 Computational model and generation of 2.4 Settings of non-steady simulation and
grids selection of monitoring locations

. Water in impeller passage was rotating body, while water
Sample: volute centrifugal pump; performance

_ TS . , in volute was non-rotating body. Steady converged
parameters: the transmission medium is water, flowsqytion was regarded as initial condition for non-steady
Q=35m3/h, head H32m, rotated speee2900r/min,  .icylation. The interface of non-steady calculation was

specific speed70, number of blades: 6. Three- got 1o mode of Transient Rotor-Stator, which played an
dimensional computational domain was generated byhortant role to dynamic-static interference between

PRO/E. In order to achieve more stable results, the inle{, oiar hodies. The total computing time was 1s. Every
of impeller was appropriately extended. The entire modely,, o 3 of impeller was as one time step. Time step was
consisted of a moving impeller water body, a stationaryq 7o4e.4s.

volute water body and the extended segment in the inlet.
CFX pre-treatment software —ICEM was used to generate
tetrahedral unstructured grid. The impeller was divided
into 581014 grids. Volute was divided into 371367 grids.
Then “smooth” function of ICEM was applied to smooth
grids. The Three-dimensional computational domain was
shown in Figurel.

Fig. 2: Distribution of monitoring locations in pump.

Sites as shown in Figur2 were selected to monitor
internal pressure, velocity and gas pressure fractiont Fou
monitoring sites were arranged in the passage of impeller,
naming I, I, lll and IV; Four monitoring sites, i.e. B, C
and E were located near the interface between volte and
. impeller. Data was collected every 9@&hen each point
2.3 Boundary conditions was at the middle section. Such arrangement can fully
monitor internal flow state in the occurrence of cavitation
for centrifugal pump.

Fig. 1: Computational domain.

Inlet pressure conditions were set for the inlet of
centrifugal pump. In order to ensure reliable results,
internal flow was detected after running for 0.001724s. ) .
The “ce” of cfx was used to set the changes of pressure i3 Simulated Results and Analysis

inlet. The describing function was as follows: ) ) o )
Transient modeling of cavitation collapse for centrifugal

pump involves a series of continuous states over time. For
P(t) = Pa t<0.001724s (1) the purpose of analyzing the changes of internal flow in
Pa+ Po(t —to) t>0.001724s the occurrence of cavitation, internal gas volume fraction
of impeller and velocity vector at four time points (0.035s,
Where: P(t) — inlet pressure, Pa; P- critical NPSH 0.05s, 0.065s and 085) under rated Working mode were
pressure, Pa; t — time, g 4+ initial time, 0.001724s; analyzed.
The mass flow in outlet was given in outlet conditions.
Mass flow was controlled by control model of outlet
boundary conditions. The roughness of wall was set to3.1 Changes of gas volume fraction
10um; standard wall function is applicable for the region
near wall;, the boundary condition of wall was set to Changes of gas volume fraction overt times were given in
adiabatic non-slip wall; the average diameter of bubbleFigure3. It can be seen from Figui@that the maximum
was set to 2e-06m; the water volume fraction at inlet wasgas volume fractions were mainly distributed in a
setto 0. particular region near the entrance of the back of impeller.
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Gas volume fractions were low near the entrance and thefet of impeller. Vortex at the back of blade began to grow
gradually increasing along outlet of impeller passage. Ingradually; vortex at working face has gone at 0.08s but
the view from radial direction, the gas volume fraction large vortex occurred at back of blade near the outlet.
gradually increased from the back of blade. The changes
of gas volume fraction varied among each passage. Ga
volume fraction region accounted for one-third of the
entire flow passage. When the inlet pressure was
gradually decreasing, the gas volume fraction increasec ;
along out and began to block the entrance of impelleréf
passage. Subject to separation by boundary layer, spire* & /
vortex and cut water, gas volume fraction developed from '
arc-like to vertical line with blade and then became a
straight line with a certain angle with the blade during the
moving process in flow passage. The gas volume fractior
almost occupied the entire flow passage, which seriously
blocked internal energy exchange and transmission.

et

(b) 0.05s

(c) 0.065s (d) 0.08s
(@) 0.035s (b) 0.05s Fig. 4: Changes of internal relative velocity in impeller.

3.3 Changes of gas volume fraction for various
monitoring locations in impeller

Changes of gas volume fraction at various points in flow
passage of impeller were shown in FigseCvol was
defined as gas volume fraction. It can be seen from the
figure that the initial Cvol for each point was zero,
indicating none of points had cavitation at the beginning.

(c)0.065s (d) 0.08s Gas volume fraction Cvol at | sharply increased to a
Fig. 3: Gas volume fractions in passage of impeller. certain value within very short time at 0.18s and then
increased slowly; Values of Cvol at other points also
began to sharply increase following with different Cvol
gradients and maximum values.

3.2 Changes of relative velocity

The streamline cloud picture as shown in Figute . ) L
indicated the changes of internal relative velocity in 3-4 Changes of velocity various monitoring
impeller. It can be seen from the figure that small amountiocations in impeller

of spiral vortexes appeared close to middle positions of

most of working face at 0.035s, indicating that the gasFigure 6 showed the changes of velocity in impeller. It
volume fraction has begun to affect the internal flow. Gascan be seen that in general the velocity in impeller
volume fraction still existed in the rest of flow passagesprogressively increased. Velocities at point | and point Il
but streamline was uniform and stable, which had little increased slightly before 0.3s and 0.43s and then
effect on internal flow; Boundary separation appearedremained constantly constants subsequently after
near the middle position of back of blade. With achieving maximum, indicating that bubbles generated by
decreasing pressure at entrance, the vortex near the bladavitation did not completely filled until 0.3s and 0.43s;
face did not continue to grow but slowly moved to the out velocity changed in volatility and flow rate was relatively
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0r g variations of internal pressure are quite uniform. It can be
—o— 11 seen from the figure that with growth of radial locations,
—a— 11 the amplitude of pressure fluctuations was relatively
G —e— IV ¥ large. Pressure at point | dropped from 4000pa to 150pa
,; at within 0.3s almost without any pressure fluctuation
il 4 v during this period. Pressures at other points such as point
¢ A v Il fluctuated within small ranges.
g . by v
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Fig. 5: Gas volume fractions in passage of impeller. 90000
60000

high due to crowding bubbles and vortex induced by 40000
cavitation so that flow rate in impeller passage increaset ., [
and presented unstable situation. There were no bi -
changes of velocity for point Il and point IV at the e 02
beginning but the velocity fluctuated 0.5s lately and then

increased in a sudden. The reasons were indicated in ) _ .
Figure 4 that vortex occurred in the middle of flow Fig. 7: Changes of relative pressure in impeller.
passage. Vortex caused large fluctuations of velocity and

also delayed the changes of velocity in impeller thus ) o
vortex moved towards the outlet of impeller, and made the3.6 Changes of speed at various monitoring
velocity increased suddenly. Overall, vortex induced bysites in impeller

0.4 0.6 0.8 1.0
t's

cavitation had great impacts on velocity in impeller.
Velocity curve for different monitoring sites during
P collapse of cavitation was given in Figu& It can be
seen from the figure that there were few changes of

velocity for all monitoring sites before 0.6s but velocity

16 = —a—
ok gs T 7 declined sharply 0.6s later after a wide range of changes,
[ » : \1,’ 3 indicating that cavitation had limited impacts on velocity
12 E at outlet of impeller during a while at critical NPSH.
Cavitation played great impacts on velocity at outlet of

impeller only in the occurrence of cavitation collapse.

18

vi(m/s)

18,

wl —a—B T& J ——C T"L

ANUIE owl monass b s
&l ﬁ;‘“}\’ﬁ Wi, B WD dfﬂzl
e 3\_;'\3 AR i s Vi,
SN[ 'fl T i 10 1. L %1

Jy ! T At

AL \

6 6

00 02 04 06 08 10 00 02 04 06 08 10

2 —A—D ts —o—E s

WPp i T i
3.5 Changes of pressure at various monitoring 31#“#“, 1o gtjm;
sites in impeller . 3 “g s g

Pressure curve for different monitoring sites during tis

collapse of cavitation was given in Figure Comparing L . . .
with large fluctuations of velocity in impeller, the Fig. 8: Changes of relative velocity at outlet of impeller.
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3.7 Changes of pressure at various monitoring 3

sites in outlet of impeller
25

Pressure curve for different monitoring sites during |
collapse of cavitation was given in Figug It can be 2t 3 e
seen from the figure that the relative pressures at varioug V‘x
monitoring sites in outlet of impeller presented same 15} ¢ tft
trend overall. Due to dynamic and static interference anc = 12Q J‘Xﬂ; Y
the presence of vortex induced by cavitation, pressure 10} : gro l\’..‘.
changed in regularity at the beginning; however, pressure ¥l
fluctuated irregularly since 0.5s, which was mainly due to st X
the collapse of cavitation. Cavitation was serious at thai & v - " - 2

4 1

time. Strong interaction between vapor and liquid resulted

. . Us
in pressure fluctuations.

Fig. 10: Changes of head under different conditions.

250000

a8 250000{.(\

200000 ph”‘ 20000 cavitation margin. Then valve was further regulated until
e MV"'\,\ S150000 the occurrence of cavitation. The experimental data was
% so00m0 g™ shown in Figure9.

- i 1'&, Performance of cavitation under 0.7Q, Q and 1.2Q

’\ 50000.’ } ;\ " L. . . .
A ! J/\, ' (Q-rated condition) was given in Figue It can be seen
% oz os PR oo o2 os T that the stimulated heads for corresponding NPSH were
250000 = s

34.8m, 33.6m and 30.35m respectively and the test data
were 33.6m, 32.5m and 29.5m relatively with an absolute
error of about 3%. Therefore, there was no big difference
between test results and stimulated results and both of
then shared the similar overall tendency. The difference
was resulted from casting, mechanical processing, surface
00 02 o4 o8 d8 1000 02 04 o5 08 10 roughness and boundary condition settings during
vs vs simulation, grids number and cavitation model, etc. It can

Fig. 9: Changes of relative pressure at outlet of impeller. P& believed that the numerical model and computational
method were credible.
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3.8 Changes of head under different conditions =} : el e e
Figure 10 showed the changes of head under different ;" P - v v v v L
conditions in the occurrence of cavitation. It can be seer 2[ 4 |
from the figure that head gradually declined over time or /7
decreasing pressure at entrance. Changes of head unc b L 4 m—E— A —
different conditions presented a same overall trend. Thez N T o —o—0— 04
main differences were: pressure fluctuations of heac v' ; —a— 1,900 sliulation dsta
increased with the reduction of flow before 0.6s and then 2L [ —e— 1.20 test data
increased with increase of flow. i / —a— ) simulation data
" —w— Q test data
2 | f <— (.7Q simulation data
i X . »— 0.7Q test data
4 Experimental Results and Analysis - ' T
3 @ 3NPSI-i:’m % J

According to GB/T 3216-2005 Rotodynamic pumps- _. . .
Hydraulic Performance Acceptance Tests-Grade 1 and Z19-  11: Cavitation performance under different
cavitation test was carried out on test table of Grade Bconditions.

accuracy for centrifugal pump sample. The flow

maintained constant and resistance was regulated by the

valve of entrance. Through increasing resistance, thé& Conclusions

pressure at entrance of pump was reduced gradually.

NPSH value was adjusted until head decreases amounte@as volume fraction Cvol in the flow passage of impeller
to 3% and NPSH at that time was determined as criticalwas zero for a while at the beginning in the occurrence of
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cavitation collapse and then increased sharply. After [9] Regiane Fortes Patella, Jean-Luc Reboud, Antoine Archer.
reaching a certain value, Cvol began to increase slowly.  Cavitation damage measurement by 3D laser profilometry.
The maximum of gas volume fraction for different sites Wear,246, 59-67 (2000).
were not the same. [10] William A. Straka, Richard S. Meyer, Arnold A. Fontaine,
There were no big changes of velocity during the Joseph P. WelzCavitation inception in quiescent and co-
beginning. After irregular and large changes, velocity  flow nozzle jetsJournal of Hydrodynamics, Ser. B2, 813-
dropped sharply. 819 (2010). N _
At the beginning, vortex occurred near the middle of [11] Xavier Escaler, Philippe Dupont, Francois Avellan.
working face of blade. Boundary separation and vortex ~ EXPerimental investigation on forces due to vortex
were shown near the middle of back of blade. With cavitation collapse for different material§Vear, 233—-235,,

. : 65-74 (1999).
decreasing pressure at entrance, the vortex near Worklnﬂz] Kai-Long Hsiao. Multimedia Feature for Unsteady Fluid

face moved towards outlet of impeller and disappeared, Flow over a Non-Uniform Heat Source Stretching Sheet

while the vortex at back_ of blad.e .gradually developed. with Magnetic Radiation Physical Effects. Appl. Math. Inf.
Head decreased with declining pressure at entrance. g gNo. 1S. 595-65S (2012).

The amplitudes of head fluctuations varied under different
conditions. The amplitudes of head fluctuations increased
with decreasing flow within the interval prior to a specific
value and then increased with increasing flow.
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