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CFD analysis of cavitation flow for axial-flow
pump based on FBM model

LYU Ruirui,ZHENG Yuan,ZHANG Dehu, YU An

(College of Energy and Electrical Engineering Hohai University, Nanjing 211100, China)

Abstract: The working condition of the axial flow pump is changeable,and cavitation is easy to occur,which can seriously affect
the hydraulic performance of a pump. To study the flow characteristics of the axial flow pump under cavitation condition, nu-
merical simulations and pressure pulsation analysis of cavitation flow in full channel were carried out. The superiority of FBM
model in predicting the external characteristics and cavitation performance of axial flow pump was verified by comparing the ex-
perimental data based on calculated results of different turbulence models. The results showed that the FBM model had least er-
ror in predicting external characteristics under non-design conditions., especially in the flow field under small flow conditions.
The average lift error was 1. 19% ,and the average efficiency error was 5. 31% ,respectively. The accuracy of FBM in predicting
cavitation volume and gas fractionwas higher than other three turbulence models, which was mostly close to the obtained experi-
mental results. In the initial stage of NPSH=5. 25 m cavitation, the main frequency of pressure pulsation on the blade was loca-
ted at f, »and its frequency was doubled, while large number of low-frequency amplitudes appeared at the pressure monitoring

point on the suction surface of the blade due to the influence of cavitation collapse. The pressure pulsation at the outlet of the

guide vane was influenced by the flow pattern on the back of the guide blade.

Key words: turbulence model; error; external characteristic; Cavitation performance; pressure fluctuation

Axial flow pump is widely used in irrigation,
water supply, drainage, and other fields where
large flow rate is needed because it has large flow
rate and simple structure’”’. Cavitation in is an im-
portant factor affecting the stable operation of the
pump, which produced strong water hammer and
caused the corrosion of the flow passage parts of
the unit'?/, Therefore, research on cavitation flow
characteristics of the pump is of great significance.
For example,ZHANG D S,HOU J S, et al®*). car-
ried out numerical simulation of full channel cavi-
tation of axial flow pump by using SST k-w turbu-
lence model; ZHOU D Q,FENG W M, WANG F,
SHI W D SONG X J'*') analyzed the influence of

Received: 2019-05-14 Revised: 2019-10-22

guide vane angle, inlet uniform flow and inlet vor-
tex on the pressure fluctuation characteristics of
axial flow pump with SST k-w and RNG k-¢;
JIANG W Q, et al. "'V simulated the process of cav-
itation flow around the hydrofoil and axial flow
pump with RNG k-e and SST k-w; ZHOU Y, et
al. ') analyzed the pressure pulsation characteris-
tics of axial flow pump reverse generation under
different cavitation conditions with k- ; SHI W D,
TAO Y.,et al. "*' analyzed the influence of blade
number, guide blade number and blade angle on
cavitation performance of axial flow pump; MO-
STAFA N H, HOSONO K, MOLOSHNYT O and

WU S Q"% mostly simulate the cavitation of wa-
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ter pump by k-e.

The selection of turbulence model will affect
the results of pump performance prediction to a
certain extent''”, In recent years, PANS and the
modified model based on have been gradually ap-
plied to the numerical simulation of pump %Y.
The results of YU Z Y, SHI S G, et al. %!
showed that the cavitation numerical simulation
based on FBM can capture more flow details. How-
ever,few scholars applied FBM model for numeri-
cal simulations of axial flow pump cavitation.
Therefore, in this paper, the FBM turbulence model
was used to simulate the steady and unsteady cavi-
tation of axial flow pump under designed flow,
which may verify the accuracy of the numerical cal-
culation of the model and analyze the pressure fluc-
tuation characteristics in the runner and guide vane
at the beginning of cavitation. The cavitation model
of homogeneous flow based on Rayleigh Plesset

(247 A number of schol-

equation is more applicable
ars use this cavitation model in their studies, there-
fore, the homogeneous flow cavitation model based
on ANSYS CFX is used to calculate the cavitation

of axial flow pump.

1 Physical model and numerical calculation
methods

1.1 Geometric model

In geometric model, main parameter of the
pump, for example, design flow (Q=11.2 m®/s),
design lift (H=4.89 m),speed (=250 r/min),
impeller diameter (D = 1 640 mm), number of
blades (Z, =4), number of guide vanes (Z,=5),
hub diameter (d, =600 mm) were used. The 3D

model diagram is shown in Fig. 1.

el e
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Fig. 1 Three-dimensional model of the axial flow pump

1.2 Turbulence model
There are direct and indirect simulations in

numerical simulation. The indirect simulation
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method is generally used due to great demand for
computing resources. The Reynolds time-averaged
method is the most widely used in indirect simula-
tion. According to the vortex viscosity model, there are
zero,one and, two equation models. At present, two-
equation models are widely used. For example, k-¢
model is the most widely used and reliable turbulence
model. SST model'®is a combination of k-e and k-w
model. The PANS model is a computational model that
can transition from a direct simulation model to a
Reynolds time homogenization model. This process
is controlled by adjusting the parameters of f; and
/. in the model, when f, =0,it means to solve the
N-S equation, while f, =1, it means that the con-
trol equation is restored to RANS., It is more ap-
propriate when f. =11 In reference® !, f, =
0. 2. The filter-based model (FBM) proposed by

291 and is calculated according to

Johansen, et al.
the size of the filter. Compared with the k-¢, the
model(FBM) corrects the turbulent viscosity coef-
ficient g, sand the calculation formula is as follows

#,:Q”—;&F, F:min[l,cg /%] (D

where F is the filter function, A is the filter
size, C; = 1. 0. In the numerical calculation, if it is
larger than the filter size,it will be solved directly,

and if it is smaller than the size, k-e will be used.
1.3 Grid division

The structural mesh of each part of the axial
flow pump is divided by ANSYS ICEM, in which
the runner and guide vane are divided by periodic
mesh ( Fig. 2). The number of grids can affect the
calculation results to a certain extent, so the grid
independence verification was carried out. Due to
the cavitation numerical simulation of the water
pump., the lowest pressure value on the blade sur-
face was taken into account, and the FBM model
was used to simulate the pump device under the de-
sign flow. The calculation results are shown in
Tab. 1. It can be seen from the table that the effi-
ciency, water head, and the minimum pressure on
the blade surface tend to be stable with the
increase of grid number, and the increase of grid-
number has no significant impact on the calculation

results . The calculation results of the latter three
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Fig. 2 Structured grid of axial flow pump

Tab.1 Mesh independence verification

grid number/ efficiency/ lift/  minimum pressure on

scheme million % m blade surface /Pa
1 3.0 76.32 4. 89 -1. 149X 10°
2 4.7 76.41 4. 95 -1. 147X 10°
3 6.0 76. 48 5.01 -1, 125X 10°
4 7.0 76. 50 4. 99 -1, 124X 10°
5 8.0 76.51 4. 98 -1, 124X 10°

schemes were basically the same, but the calcula-
tion time was longer due to a large number of grids
in scheme 4 and scheme 5. Thus scheme 3 was fi-

nally selected.

1.4 Boundary conditions

The fluid medium was water at 25 C, water
vapour at 25% .the gas volume fraction at the inlet
was 0,the volume fraction of the liquid phase was
1,the pressure condition was adopted at the inlet,
the flow condition was assumed at the outlet, the
interface between the inlet and the outlet of the
runner was set to Frozen Roor, and the conver-
gence residual was 1, respectively. The water pres-
sure of the water was set to be 2 Pa, The saturated
steam pressure of water at 25 C was set as P, =
3540 Pa. In order to improve the calculation
speed, firstly, single-phase water was calculated,
and then the obtained result was used as the initial
condition. Add cavitation model to continue the
cavitation calculation, and when the lift and the
volume fraction of the cavity in the runner tend to
be stable, the calculation could be considered as
convergence. In order to make the unsteady calculation
convergence faster, the steady result of the cavitation
was used as the unsteady initial calculation condition,
The time step was set as 0. 000 365 76 s (the runner
rotates 3 degrees) ,the number of iterations per step
is 5-15,the dynamic and static interface was set as

the Transition Rotor Stator, and the total calcula-

tion time was 30T, The data of the last five periods

were selected for analysis.

2 Test device and analysis of calculated re-
sults

2.1 Test device

The schematic diagram of the test-bed is
shown in Fig. 3. The test-bed was a vertical closed
circulation system. It had a tail water tank,a pres-
sure water tank, a stainless steel pipe system, an
electromagnetic flow meter,a vacuum pump,a wa-
ter supply pump,an electric valve,a manual butter-
fly valve,a torque meter,and other types of equip-
ment. The comprehensive test error was considered
less than or equal to 0. 4%. The control of the inlet
pressure of the pump was realized by vacuum pum-
ping.and the cavitation occured by reducing the in-
let pressure continuously. The distribution of the
cavitation was obtained by photographing. The formu-
la of NPSH, lift h in numerical calculation can be

find as follows
NPSHzi(P“_gPV)
_ (P/)_Pa)

o8
where P, is the total pressure at the inlet of

(2)

h 3

the axial flow pump (Pa); P, is the 25 C saturated
steam pressure 3 540 Pa; g=09.81 N/m*; P, is the
outlet pressure of the axial flow pump (Pa);p is
the density of water 1 000 kg/m?.
2.2 Comparison of external characteristics
The arithmetic mean value of the absolute er-
ror of all calculation points under the condition of
small flow was taken as the average numerical er-
ror. It can be seen from Fig. 4 and Tab. 2 that the
standard k-¢ error was almost 0 under the design
flow, and the errors of the last three models
were 0. 82 % , 2.45 % , and 2. 45 % , respectively .
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Fig. 3 The schematic diagram of the test-bed device

Under the design condition, k-e had good adapta-
bility. Under the condition of large flow, the error
of the external characteristics of the four models
was increasing with the increase of the flow, and
the error of the lift was 2. 65% ~11.94%,2. 43% ~
19.90%,3.76% ~ 12.85%, 2. 43% ~ 7. 96 %, re-
spectively. The accuracy of the model SST in the
large flow condition was easy to be affected by the
change of working conditions, which may produced
large errort. The FBM prediction value was the
closest to the experimental value. The error of nu-
merical simulation results of PANS model in-
creased with the decrease of flow rate. The maxi-
mum error of lift prediction was 6. 60%. The aver-
age lift error and the maximum error of lift were
significantly larger than the other three models.
Therefore, the accuracy of numerical simulation re-

sults of PANS model was easily affected by the

change of working conditions, while the error was
large. The average lift error and average efficiency
error of FBM model were 1. 19% and 5. 31% under
the condition of small flow rate, which was obvi-
ously lower than those of the other three turbu-
lence models. Therefore, the FBM model had high
accuracy in the calculation of flow field of axial
flow pump under small flow condition, which was
almost consistent with the experimental value.
2.3 Comparison between experimental and
numerical cavitation conditions

Two specific cavitation condition points were ana-
lyzed, and the numerical simulation B (NPSH=5. 25
m) and D (NPSH=3.72 m) conditions were com-
pared with the corresponding experimental condition
points,as shown in Tab 3. It can be seen from the Ta-
ble 3 that the efficiency error in the initial stage of

cavitation was 0. 94%), and the efficiency error in the
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Fig. 4 Comparison diagram of external characteristics prediction and experimental values
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severe cavitation condition was 7. 65% , respective-
ly. Under the severe cavitation condition, the inter-
nal flow state of axial flow pump was extremely
complex,and the occurrence of cavitation had great
randomness. Therefore, the results of numerical
simulation were quite different from the experi-
mental results, but the errors of these two operat-
ing points were in a reasonable range. Compare the
cavitation diagram in the runner under B and D
conditions with the experimental diagram, and the
volume fraction of the cavitation is shown in
Fig. 5. According to the Fig. 5 above 0. 1. It can be
seen from the figure that the cavitationdistribution
diagram simulated by the numerical calculation

was generally consistent with the photos taken

by the experiment, which showed that the two
cavitation conditions calculated by the numerical
calculation could accurately simulate the cavitati-
on distribution in the axial flow pump.

Tab. 2 Average error in numerical simulation of different

turbulence models under small flow condition

Turbulence model k-¢ SST PANS FBM
Average lift error /% 1. 44 1. 54 2. 06 1.19

Average efficiency error /% 6.58 6. 27 5.98 5.31

Tab. 3 Calculation error of study working condition efficiency

Efficiency/ % Efficiency error/ %

Operating point

Numerical simulation condition B 72.69
Experimental condition B 73.38 oo
Numerical simulation condition D 64. 84
Experimental condition D 70. 21 0

La ) NIPRE=525 m

() NPE=XTE

Fig. 5 Experimental and numerical calculation of cavitation distribution diagram

2.4 Comparison of the cavitation volume in
the runner

A radial section was defined in the runner. In
the dimensionless variable span (span=r/R), r
was the radius from the hub to the section, R was
the radius from the runner chamber wall to the
hub. When span=0, the section was the hub sur-
face, while span =1, the section was the impeller
chamber wall surface, For analysis, span=0. 1 was
selected. Fig. 6 showed the distribution of cavitati-
on volume fraction of blade section under different
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cavitation conditions. The curve of the cross-sec-
tion and the blade was recorded as S, the distance
between a point on the note S and the inlet edge of
the blade was t,the length q of the curve S was ¢,
The variable w = w,/q was introduced Figure 6
showed the distribution of cavitation volume frac-
tion of blade section under different cavitation condi-
tions. The abscissa represented the position along the
streamline direction of blade section. When the value of
abscissa was 0,it was the blade inlet, while abscissa at

1, it was the blade outlet , and the vertical coordinate
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Fig. 6 The distribution of cavitation volume on blade sections of different turbulence models
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was the cavitation volume fraction. It can be seen
from the figure that most of the cavitation occurred
on the suction surface of the blade and developed
toward the outlet of the blade. The cavitation near
the hub was mainly concentrated in the middle to
the tail of the blade. The predicted value of FBM
and PANS model for blade section were 0. 6 to 0. 8
in B condition and blade section 0. 9 to blade outlet
in D condition was significantly higher than that of
the first two models, and the predicted value of
FBM was slightly higher than PANS,

A cylinder with the same height and the center
of the upper and lower bottom surfaces of the run-
ner was created. The radius of the hub was 7, the
radius of the impeller was r,,and the radius of the
cylinder bottom wasa r, then the abscissa t= (r—
r)/Cry —r ). Fig. 7 showed the regular change
curve of the number of cavitation in the cylinder
with the increase of numerical value . When the
value of abscissa was 0,it means that the radius of
the bottom of the cylinder was the radius of the
hub;while the value of abscissa at 1, the radius of
the bottom of the cylinder was the radius of the
impeller. It can be seen from Figure 7 that the cavi-
tation volume curve predicted by k-¢ and SST
model was relatively close, and the calculated re-
sults of PANS and FBM model were significantly
larger than those of the first two turbulence mod-
els. Because numerical simulation often underesti-
mate the development of cavitation to a certain ex-
tent, the accuracy of k-e and SST model was gener-
al in predicting cavitation performance,and the ac-
curacy of PANS model was higher than that of the
first two models. Combined with the specific analy-
sis of Fig. 6 and Fig. 7,FBM model had the highest
accuracy in predicting the cavitation volume num-

ber and gas fraction of runner blades.
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Fig. 7 Volume fraction of cavitation in runner

with different turbulence models

3 Unsteady analysis under cavitation condition

The unsteady numerical simulation was car-
ried out under condition B under the design flow
based on the FBM turbulence model, and the set-
ting of monitoring points is shown in Fig. 8. The
pressure pulsation obtained by numerical calcula-
tion was transformed by Fourier transform, f, =
22.78Hz.T,=0.043 898 16 s which could be ob-
tained from the rotating speed n=1 367 r/min. To
facilitate the comparison of the relationship be-
tween the pressure pulsation at the monitoring
point and rotational frequency, the abscissawas
taken as f/ f.

3.1 Flow field in guide vane

The cylindrical section of the monitoring points
dyl, dy2, dy3 were selected for analysis in the guide
vane, Fig. 9 showed the streamline diagram inside the
guide vane with interval of fetch time 0. 1T, during the
half cycle of impeller rotation. It can be seen from the
diagram that there was mainly a kind of vortex at 1/2
on the back of the guide vane. The time of the vortex
A in the figure was T, (T, =297T,). The vortex B at
the tail of the blade diffused at the exit of the guide
blade, while vortex B disappeared at T, +0. 27T, Vortex

Lot | msanelieing jeoand a i Iiike s welacn

Fig. 8 Layout of pressure monitoring points
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Fig. 9 Streamline diagram inside guide vane

C appears at T,+0.3T, at the same position on
the back of guide vane, and vortex A from T, +
0.3T, to T,+0.5T, increased with the mainstream
direction. Due to the limitation of calculation condi-
tions,it is impossible to produce the vortex period
accurately. Referring to the shape of vortex at the
time of T ,it can be seen that the generation period
of the vortex on the back of the guide vane was a-
bout 0.47T, to 0. 5T, ,and the frequency of the vor-
tex could be about 2. 0f, to 2. 5f,.
3.2 Analysis of pressure fluctuation charac-
teristics under cavitation condition

It can be seen from Fig. 10 that the rotational fre-
quency was the main factor that affect the pressure
fluctuation frequency of the blade’s pressure surface,
the pressure fluctuation of the monitoring point ssl at
the impeller outlet near the flange was mainly deter-

mined by passing frequency of guide blade (5f,),
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|
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which was due to monitoring point that was close to
the dynamic and static interface between the impeller
outlet and the guide vane inlet. The pressure pulsation
of the guide vane played a leading role here. It can be
seen from Fig. 5 that a large area of cavitation occurred
at the back of the blade. There was mostly cloud cavi-
tation in the runner. When the cavitation moved to
the high-pressure area, it cloud break. The break-
ing of the cavitation often brings great pressure
pulsation, and the collapse speed of the cavitation
was very fast,so the monitoring points on the suc-
tion surface of the blade have a large amplitude of
frequency division. Because the cavitation collapse
mainly occurred at the tail of the blade, the pres-
sure fluctuation of ssl and ss4 near the impeller
outlet was more complex. The pressure pulsation
of ss3 and ss6 at the impeller inlet was mainly

dominated by the blade passing frequency (4f,).
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Fig. 10 Frequency domain diagram of pressure fluctuation at the blade monitoring point
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Fig. 11  Frequency domain diagram of pressure pulsation at
monitoring points in guide vane
and the main frequency of other monitoring points
was the rotational frequency.

Due to the effect of the guide vane rectification,
the pressure amplitude in the flow channel decreased.
The flow pattern on the back of the guide blade was
complex,and a large area vortex appeared. Therefore,
the pressure pulsation at the monitoring points of dyl
and dy2 in the center of the guide vane channel had a
certain amplitude or frequency division. However, the
main frequency of pressure pulsation was deter-
mined by the blade passing frequency. However,
the monitoring point dy3 near the outlet of guide
vane was far away from the runner, and the pres-
sure fluctuation of this monitoring point was less
affected by the rotation of the blade, In addition,
1/2 of the back of the guide vane periodically gen-
erated eddy current. Therefore, a large amount of
low-frequency information with a large amplitude
appeared in the pressure pulsation at dy3. It can be
seen from the above that the main frequency of the
vortex was about 2.0/, to 2.5f,,which was con-
sistent with the frequency range corresponding to
several low-frequency pressure pulsation peaks at

monitoring point dy3 in the Fig, 11.
4 Conclusions

(1) The prediction error of the FBM model
under non-design condition was the smallest, the
average lift error under small flow condition was
1.19%, and the average efficiency error was
5. 31%, respectively. FBM had high accuracy espe-
cially in the calculation of flow field under small
flow condition. The standard k-¢ had good adapta-

bility under design condition,and the prediction er-
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ror of SST model and PANS model was easy to be
affected by the change of working conditions under
large flow conditions and had low accuracy.

(2) The accuracy of the FBM model in predic-
ting cavitation volume and gas fraction was the
highest, which was closest to the experimental re-
sults. In predicting cavitation performance of axial-
flow pump, the accuracy of k-¢ and SST model was
general,and the accuracy of PANS was higher than
the former two models.

(3) At the beginning of cavitation (NPSH =
5. 25 m), the main frequency of pressure pulsation
on the blade was located at the f, and the pressure
fluctuation at the outlet edge of the blade working
face was mainly determined by passing frequency
of guide blade (5f,),and the pressure pulsation at
the inlet of the suction surface was mainly domina-
ted by the blade passing frequency (4f,), because
the impact of cavitation collapse, the monitoring
point of the suction surface had a large amplitude
of frequency division. A vortex with frequency of
2.0f, to 2. 5f, was generated at 1/2 of the back of
the guide vane, and a large amplitude of frequency
division appeared at the outlet of the guide vane

that was near the center of the flow channel.
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