Hindawi

Scanning

Volume 2023, Article ID 7189771, 15 pages
https://doi.org/10.1155/2023/7189771

Research Article

WILEY | Q@) Hindawi

Influence of the Volute Tongue Shape on Cavitation
Performance in Aviation Fuel Centrifugal Pump

Siwei Zhao (,' Yiming Li,” Ling Zhang,” Kai Wang(,"” and Guangzhao Luo’

"Research Center of Fluid Machinery Engineering and Technology, Jiangsu University, Zhenjiang 212013, China
*Xinxiang Aviation Industry (Group) Co., Ltd., Xinxiang 453003, China

*Xi’an Aerospace Propulsion Institute, Xi‘an 710199, China

Correspondence should be addressed to Kai Wang; wangkai@ujs.edu.cn

Received 16 January 2023; Revised 9 February 2023; Accepted 13 February 2023; Published 22 February 2023

Academic Editor: Guosong Wu

Copyright © 2023 Siwei Zhao et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

During the operation of an aviation fuel centrifugal pump, the performance of the pump dropped sharply due to cavitation, which
caused cavitation damage near the volute tongue, which seriously threatened the safe and stable operation of the aircraft.
According to the characteristics that the cavitation in the volute tongue region occurs in large flow rate, the volute tongue
shape of aviation fuel centrifugal pump was improved in this paper, and the influence of the volute tongue shape on the
cavitation characteristics of aviation fuel centrifugal pump at 1.2 times of design flow rate was studied. The research shows that
under 1.2 times of design flow rate, the critical cavitation number of the improved volute tongue shape is reduced by 7.4%
compared with the original scheme. The improved volute tongue effectively suppresses the generation of cavitation in the
volute tongue region. The vortex core distribution area is reduced compared to the original scheme. When the cavitation
number is low, doubling the axial passing frequency on the pressure pulsation spectrum at the monitoring point of the volute

tongue is obviously weakened.

1. Introduction

An aviation fuel pump is an important component of the
aircraft fuel system. Its function is mainly to transport all
kinds of aviation fuel and to provide flow rate and pressure
for aviation engines and fuel systems. With the rapid devel-
opment of modern aerospace science and technology, the
performance requirements of a fuel pump are gradually
improved [1]. The working performance and reliability of
the fuel centrifugal pump will affect the safe and stable oper-
ation of the aircraft. As the aircraft usually operates in vari-
ous extreme and harsh environments, cavitation of the fuel
pump is more serious, which causes cavitation damage to
flow passage components, affects the stable fuel supply per-
formance of the fuel pump, and has a serious impact on
the safe and stable operation of the aircraft.

With the rapid development of CFED, it is more conve-
nient to study the cavitation problem in the fuel pump.
Kim et al. [2] improved the prediction of accuracy about
the generation of cavitation and development by using tran-

sient simulation and analysis of the numerical simulation.
Wang et al. [3] studied the characteristics of irreversible
energy loss caused by cavitation flow in a centrifugal pump
and employed the entropy production theory with CFD to
analyze the relationship between flow field details of cavita-
tion flow and irreversible flow loss. Zhu et al. [4] proposed
the density-corrected RNG k-& model for cavitation simula-
tion and used three different cavitation erosion prediction
methods to predict cavitation erosion on the blade surface
of the centrifugal pump. Zhang et al. [5] studied the influ-
ence of opening at the blade inlet on the cavitation perfor-
mance of a centrifugal pump based on the Rayleigh-Plesset
cavitation model. The research showed that the opening
structure can not only suppress the generation of cavitation
but also reduced the turbulent kinetic energy loss and
improved the overall performance of the centrifugal pump.
Mousmouli et al. [6] studied the influence of blade tip clear-
ance and thickness on the performance of the centrifugal
pump and verified the reliability of numerical simulation
by using experimental data. The research results showed that
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the prediction accuracy of the Zwart model was relatively
high. Zhao et al. [7] studied the influence of the Zwart model
on the cavitation performance of aviation fuel pump by
using alternative fuel and optimized the structural parame-
ters of the inducer and impeller by using the surrogate
model, which significantly improved the overall perfor-
mance of fuel centrifugal pump. Wang [8] studied the cavi-
tation performance of an aviation fuel pump and found that
cavitation caused the unsteady change of fuel pump load,
which caused more serious damage to the blade. At the same
time, the interaction between the blades of the fuel pump
made the cavitation in the blade flow passage show the char-
acteristics of the asymmetric structure. Hu et al. [9] opti-
mized the design of a centrifugal fire pump with a specific
speed of 24.7 and made numerical calculations and experi-
ment measurements to obtain the best optimized scheme.
Results showed that compared with the original scheme,
the critical net positive suction head of the best optimized
scheme was reduced by 21.5%, 17.6%, 15.7%, and 16.8%,
respectively. Wang et al. [10] analyzed the effect of cavitation
on the vibration of a five-stage centrifugal pump under non-
cavitation and cavitation conditions. In addition, for the
energy loss caused by cavitation, Liu et al. [11] took the
hydrofoil as the research object and analyzed that the sepa-
ration of the sheet cavity and the shedding of the cloud cav-
ity induced the generation of multiscale vortical structures,
which significantly increased the energy loss. Chen et al.
[12] used the improved cavitation model to study the energy
loss inside the inducer, which can take the tip leakage as a
key parameter to reduce the occurrence of thermal cavita-
tion in the liquid nitrogen inducer and provide a reference
for the design of the inducer. Li et al. [13, 14] studied the
relationship between cavitation region and entropy genera-
tion by using of local flow analysis method and analyzed
the influence of vortex evolution on flow instability.

In the hydraulic design process of a fuel centrifugal
pump, the structure size and processing technology of flow
passage components will affect the internal cavitation per-
formance of the fuel pump. Scholars around the world have
done a lot of research on the influence of geometric structure
on the cavitation performance of the centrifugal pump. Vis-
ser [15] designed a new combination of impeller and volute.
Through experimental verification, it was found that the
cavitation at the leading edge of the impeller was signifi-
cantly weakened and the efficiency increased. Schiavello
and Visser [16] studied the cavitation of the pump and pro-
posed a characterization index to judge the degree of cavita-
tion by using of 3% head drop, 40000-hour impeller life, and
cavitation residual heat scale law. Li et al. [17] studied differ-
ent cavitation types and the unsteady process of cavitation
motion based on the inlet deflection angle of the inducer.
The research showed that a reasonable blade inlet deflection
angle can achieve better cavitation performance. Wang et al.
[18] optimized the design of a fuel centrifugal pump based
on the SAP optimization algorithm, which made the internal
flow of the centrifugal pump more stable. Dupont [19] stud-
ied the influence law of long, medium, and short composite
blades on the unsteady characteristics of fuel centrifugal
pump under low flow rates. Through experimental verifica-
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tion, the efficiency has been improved. Li et al. [20] con-
ducted the numerical simulation and experiment of an
aerofuel centrifugal pump with a combination impeller and
analyzed the effect of a combination impeller on the flow
field and external performance of the aerofuel centrifugal
pump.

However, nowadays, researches about the cavitation per-
formance of aviation fuel centrifugal pumps are still insuffi-
cient. Therefore, this paper is aimed at the cavitation
problem in the volute tongue region of the fuel centrifugal
pump and combines its characteristics under 1.2 times of
design flow rate, to study the influence of improved volute
tongue shape on the cavitation performance of the fuel cen-
trifugal pump, in order to weaken the cavitation damage in
the volute tongue region.

2. Research Model

2.1. Original Model. The computational domain of the avia-
tion fuel pump used in this paper includes the inlet exten-
sion, valve runner, impeller, volute, outlet elbow, and
outlet extension (as shown in Figure 1). Its design parame-
ters are the rotational speed which is 26400 r/min and the
number of the blade which is 6.

2.2. Improved Scheme. The fuel centrifugal pump was oper-
ated continuously for 50 hours at different cavitation num-
bers, and the cavitation damage was very serious near the
volute tongue, as shown in Figure 2. Therefore, it is neces-
sary to improve the structure of the volute tongue in order
to improve the cavitation performance of the fuel pump
and weaken the cavitation damage caused by cavitation.

In the original scheme, the contour line of the volute
tongue is not parallel to the axis; its shape is that the annular
cavity of the volute intersects with the diffusion section to
form an intersecting line. Therefore, the shape of the volute
tongue is improved, and the volute tongue is arranged axi-
ally instead of intersecting line, with the rounded angle of
the volute tongue being 2mm. The structure of the
improved volute tongue is shown in Figure 3.

2.3. Grid Generation and Independence Check. During the
numerical simulation, the dimensionless head coefficient ¥
was defined as follows:

gH

Y= >
(u312)

(1)

where g is the acceleration of gravity, H is the head, u, is the
circumferential velocity at the impeller outlet, u, = 7D,n/60,
D, is the impeller outlet diameter, and # is the rotational
speed.

Figure 4 shows the relationship between the grid number
of the fuel centrifugal pump and the head coefhicient. The
fuel pump grid was checked for independence with the pre-
dicted deviation of the head coefficient less than 1% as the
criterion. When the grid number reached 2.4 million, the
predicted deviation of head coefficient was less than 1%.
After comprehensive consideration, the 2.4 million grid
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FiGgure 1: Computational domain of fuel centrifugal pump.

FiGURre 2: Cavitation damage near the volute tongue.

scheme was selected as the research scheme of this paper.
Figure 5 shows the overall grid generation of the fuel centrif-
ugal pump.

2.4. Numerical Calculation Method

2.4.1. Turbulence Model Selection. In order to select a suit-
able turbulence model for subsequent numerical calculation,
the head of the fuel pump under different turbulence models
was compared with the test values. Figure 6 shows the sche-
matic diagram of the test, and the measured fuel centrifugal
pump is in the red frame. Figure 7 shows the comparison
curve of head characteristics in the fuel centrifugal pump
under different turbulence models. It can be seen from the
figure that the performance curve calculated by the SST
model is close to the test performance curve, and the relative
error is within 3%.

Figure 8 shows the y* value of the improved impeller,
and the y* value of the grid wall is less than 20, which met
the requirement of the turbulence model for wall function
during flow field calculation in this paper. Therefore, the
SST model was used in the subsequent numerical study.

2.4.2. Cavitation Model Selection. The widely used Zwart-
Gerber-Belamri (ZGB) cavitation model was used, which is
derived from the Rayleigh-Plesset (R-P) equation.

The Rayleigh-Plesset equation provides the basis for the
rate equation controlling steam generation and condensa-
tion. The ZGB cavitation model based on the Rayleigh-

Plesset equation was adopted in CFX, wherein r,,,. is the vol-
ume fraction of cavitation nucleation point, the value is
¥ye =5% 1074, and C,,, and C_,,q are the empirical correc-
tion coefficients of vaporization and condensation processes,
respectively. The values are C,,, =50 and C,,q = 0.01. Rp is
the radius of the cavitation nucleation point, and the value is
Ry =2.0 x 107° m; the above default values were adopted for
cavitation model coefficients.

In the description of the cavitation process, the parame-
ters widely used at present include the cavitation number o,
cavitation margin NPSH, suction specific speed C, and
Thoma cavitation coefficient orpyy. In this paper, the dimen-
sionless cavitation number o was used to describe the inlet
condition of fuel centrifugal pump and the possibility of cav-
itation. The dimensionless cavitation number is related to

the inlet pressure and other conditions, which is defined as
Pin =Py

= 2)pu B

where p,. is the inlet pressure of the fuel centrifugal pump,
p, is the saturated vapor pressure of the fuel, p is the density
of the fuel, and u, is the reference speed; it refers to the cir-
cumferential velocity of the blade outlet diameter in the fuel
centrifugal pump, and the circumferential velocity u, is cal-
culated by

nnD,
27760

) (3)

where 7 is the rotational speed of the fuel centrifugal pump
and D, is the impeller outlet diameter.

2.4.3. Boundary Condition Setting. The inlet boundary con-
dition was set as pressure inlet, the initial fuel volume frac-
tion was set as 1, and vapor volume fraction was set as 0;
the outlet boundary condition is mass flow rate, and the
mass flow rate under the design flow rate Q, is 6.31kg/s.
The solid wall boundary condition is no slip wall, and the
flow field wall was set as a smooth wall. In the transient cal-
culation, the flow field is calculated once every 2° of impeller
rotation, and the time step is 1.26263 x 10°s. The total
number of turns is calculated 10 times, and the total time
is 0.02727s; the data in a stable period was selected for
analysis.

2.4.4. Medium Property Setting. The working medium is
high temperature fuel (132°C), and its main parameters are
shown in Table 1.

3. Results and Analysis

3.1. Influence of the Volute Tongue Shape on Cavitation
Performance of Fuel Centrifugal Pump. Since the main pur-
pose of the improvement of the volute tongue shape is to
improve the cavitation performance of the aviation fuel cen-
trifugal pump, it is necessary to select the cavitation distribu-
tion as the analysis content. The critical cavitation number
0, was defined as the corresponding cavitation number
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FIGURE 3: Structure of the improved volute tongue.
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FIGURE 4: Grid independence check.

FIGURE 5: Grid generation of fuel centrifugal pump.

when the head coeflicient decreases by 3%. Table 2 shows
the comparison of the critical cavitation number o, between
the original scheme and the improved scheme. The critical
cavitation number of the improved volute tongue was
reduced compared with the original scheme. Under 0.8 Q,,
1.0 Qg4 and 1.2 Qy, the critical cavitation number of the
improved volute tongue was reduced by 2.2%, 4.0%, and

7.4%, respectively, compared with the original scheme.
Therefore, the improved volute tongue improved the cavita-
tion performance of the fuel centrifugal pump.

3.2. Analysis of Cavitation Occurrence in the Volute Tongue
Region. In order to explore the cavitation occurrence in the
volute tongue region of the fuel centrifugal pump, the cavita-
tion distribution of three flow rates (0.8 Q;, 1.0 Q;, and 1.2
Q) that the fuel centrifugal pump operates regularly under
the original scheme was selected for numerical analysis.
Figure 9 shows the change of cavitation distribution with
the cavitation number in the original fuel centrifugal pump
under 0.8 Q,, where the figures show the isosurface region
of cavitation volume fraction «, of 0.1. When the cavitation
number o is 0.27, the original fuel centrifugal pump gener-
ated a small amount of cavitation at the leading edge of
the blade. When the cavitation number o = 0.18, the cavita-
tion at the leading edge of the blade increased, and at the
same time, the cavitation appeared on the back of the inlet
extended blade, and a small amount of cavitation appeared
on the flow passage hub near the volute tongue. When the
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0.77 TABLE 1: Parameters of aviation fuel medium.
s ) Physical property Liquid phase Gas phase
= 0.70 A
g fﬁ Molar mass (kg/m?) 167.31
&;i 0.63 4 Isobaric specific heat capacity (J/(kg-K)) 2090 2571
§ ] Density (kg/m?) 780 7.1
% 0.56 ' Dynamic viscosity (kg/(m>s)) 0.0024 7x10°°
0.49 Surface tension coefficient (N/m) 0.00263257
Saturated vapor pressure (Pa) 22000
T T T T T T T T
0.4 0.6 0.8 1.0 1.2
Q/Qq TaBLE 2: Comparison of critical cavitation numbers for pump.
m Experiment ¢ RNGk-¢ . .
A ke ® SST Critical cavitation number o, 0.8 Q4 1.0 Q 1.2 Qq
v k-w Original volute tongue 0.045 0.050 0.054
Improved volute tongue 0.044 0.048 0.050

FiGure 7: Comparison curve of head characteristics in the fuel
centrifugal pump.

[ 20.0
18.0
- 16.0
- 14.0
-12.0
- 10.0
- 8.0

- 6.0

4.0
[ 20
0.0

FIGURE 8: y* distribution diagram of impeller.

cavitation number o is 0.14, the cavitation distribution area
on the back and root of the blade slightly increased. When
the cavitation number o is 0.10, the cavitation distribution
area on the back of the inlet extended blade increased further
and gradually extended and developed towards the down-
stream flow passage. When the cavitation number o is
0.05, the cavitation distribution area from the extended

blade to the root of the blade was more continuous, and
the cavitation distribution area continued to increase. At
the same time, the cavitation at the inlet of the impeller is
mainly distributed on the suction surface of the extended
blade and the spatial torus where it is located. This is due
to the complex structure of the inlet valve and the annular
flow passage at the end of the valve, which had a certain
impact on the flow of the impeller inlet. When extending
the inlet edge of the blade to improve the cavitation perfor-
mance of the pump, the extension of the blade made the dis-
tance between the inlet edge of the blade and the outlet of
the valve smaller, and the influence of the flow direction
caused by the structure of the valve flow passage cannot be
completely eliminated. There is a large angle between the
flow direction and the inlet of the blade, which had a certain
impact on the flow pattern at the inlet of the impeller.
Figure 10 shows the change of cavitation distribution
with the cavitation number in the original fuel centrifugal
pump under 1.0 Q,, where the figures show the isosurface
region of cavitation volume fraction «, of 0.1. When the cav-
itation number ¢ is 0.27, the cavitation in the original fuel
centrifugal pump first appeared at the leading edge of the
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FiGurg 9: Cavitation distributions of the original volute tongue in the fuel centrifugal pump under the 0.8 Q.

(d) o=0.10

(e) 0=0.05

FiGure 10: Cavitation distributions of the original volute tongue in the fuel centrifugal pump under the 1.0 Q.

blade. When the cavitation number o is 0.18, there was a
small amount of cavitation in the impeller, and the cavita-
tion area at the leading edge of the blade increased. At the
same time, the cavitation began to appear at the back of
the extended blade and the hub of the flow passage near
the volute tongue. When the cavitation number o is 0.14,
the cavitation distribution area further increased, and the
cavitation at the root of the blade began to appear in other
flow passages. With the further decrease of the inlet pres-
sure, when the cavitation number o is 0.10, the outer edge
of the extended blade had a higher dynamic pressure, while
the static pressure decreased, resulting in a gradual increase
of the cavitation torus of the extended blade and extended
downstream to the hub at the root of the impeller. When
the cavitation number o is 0.05, the extended blade cavita-
tion occupied most of the inlet area, but there was relatively
little cavitation on the extended blade pressure face. At the
same time, the extended blade cavitation area and the blade
root cavitation distribution were more continuous.

Figure 11 shows the change of cavitation distribution
with the cavitation number in the original fuel centrifugal
pump under 1.2 Q;, where the figures show the isosurface
region of cavitation volume fraction «, of 0.1. When the cav-
itation number o is 0.27, the original fuel centrifugal pump
generated a small amount of cavitation near the leading edge
of the blade, but no obvious cavitation occurred at the root
of the blade. When the cavitation number o is 0.18, the cav-
itation accumulation area was formed at the hub of the pres-
sure face passage of the extended blade sweeping the volute
tongue, and the cavitation began to connect at the leading
edge of the blade and the root of the blade. At this time,
the cavitation area occurring at the back of the extended
blade and the root of the hub was more obvious. When the
cavitation number o is 0.14, the cavitation distribution area
increased slightly. When the cavitation number o is 0.10,
the cavitation distribution area at the root of the blade fur-
ther increased, and a continuous cavitation distribution
was formed at the inlet of the impeller. When the cavitation
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FiGure 11: Cavitation distributions of the original volute tongue in the fuel centrifugal pump under the 1.2 Q,.
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FiGurg 12: Unsteady evolution of cavitation in the original tongue region at o of 0.05.

number o is 0.05, cavitation had fully developed and the dis-
tribution area of cavitation continued to increase. At the
same time, when the blade swept the volute tongue, there
was an obvious cavitation accumulation area on the top of
the blade, which may cause cavitation damage to the volute
tongue wall when passing the volute tongue.

By comparing the changes in cavitation distribution with
the cavitation number under the three flow rates, it can be
seen that, as the cavitation number decreased, cavitation
began to appear at the root of the blade and the suction sur-
face of the extended blade and gradually increased. The cav-
itation in the volute tongue region of the fuel centrifugal
pump occurred at 1.2 Q,; when the blade swept the volute
tongue, the cavitation gathered at the top of the blade.
Therefore, the cavitation characteristics of the fuel centrifu-
gal pump in the improved scheme and the original scheme
were only compared and analyzed when the cavitation num-
ber ¢ is 0.10 and 0.05 under 1.2 Q.

3.3. Influence of the Volute Tongue Shape on Cavitation
Distribution in the Impeller. When flow rate is 1.2 Q, and
0 is 0.10, the cavitation did not gather at the top of the blade
when the blade of the fuel centrifugal pump swept the volute
tongue. Therefore, the influence of the improved volute ton-
gue shape on the cavitation distribution in the impeller at o
of 0.05 was analyzed.

Figures 12 and 13 show the cavitation distribution in
the volute tongue region of the fuel centrifugal pump
under the original scheme and the improved scheme when
the cavitation number o is 0.05, respectively. The figures
show the isosurface region of the cavitation volume frac-
tion a, of 0.1 at the blade outlet before the blade swept
the volute tongue. The cavitation distribution of the blade
at three positions before the volute tongue (TO0), at the
volute tongue (T1), and after the volute tongue (T2) was
analyzed.

It can be seen from Figure 12 that in the process of
the blade sweeping the volute tongue, the cavitation area
was formed at the top of the blade in the original scheme.
At this time, the blade was in the front of the volute ton-
gue at the intersection line. With the rotation of the
impeller, the cavitation accumulation area at the top of
the blade had basically disappeared at T1, and the cavita-
tion collapsed from TO to T1. When the impeller contin-
ued to rotate and the blade passed through the volute
tongue, the cavitation at the top of the blade completely
disappeared.

As can be seen from Figure 13, cavitation in the volute
tongue region of the improved scheme was significantly
weakened when the blade swept the volute tongue. There
was no significant cavitation in the volute tongue region at
TO, T1, and T2. Therefore, when matching the improved
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FIGURE 13: Unsteady evolution of cavitation in the improved tongue region at ¢ of 0.05.
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FIGURE 14: Unsteady evolution of vortex core near the original volute tongue region at the cavitation number of 0.10.

volute tongue and the impeller, the cavitation in the volute
tongue region will be significantly weakened, which will
improve the cavitation damage to the volute tongue wall.

3.4. Influence of the Volute Tongue Shape on Vortex Core
Distribution in the Volute. On the other hand, because the
cavitation flow will produce local bubbles, which will affect
the flow of the fluid and form vortex core, the analysis of
vortex core can also reflect the energy loss and cavitation
performance changes in the aviation fuel centrifugal pump.
In order to explore the influence of the axial rounding shape
on the flow field of the fuel pump, combined with the occur-
rence of cavitation in the volute tongue region, the evolution
process of the vortex core at TO, T1, and T2 was emphati-
cally analyzed.

Figure 14 shows the distribution of the vortex core near
the volute tongue of the fuel centrifugal pump blade in the
original scheme at the cavitation number o of 0.10, and the
figure shows the contour surface of vortex core Q, of 8 x
107S2. It can be seen from Figure 14 that the original
scheme had a large vortex core distribution area along the
intersecting line of the volute tongue, which may have a
greater impact on the flow field when the blade swept the
volute tongue. A long vortex core was formed at the blade
outlet when the blade is close to the volute tongue. The vol-
ume of the vortex core was the largest at T1. With the rota-
tion of the impeller, the vortex core distribution area on the
volute tongue wall and the impeller outlet decreased, espe-
cially the vortex core volume at the impeller outlet decreased
more significantly. The vortex core distribution area at the

impeller outlet had disappeared at T3, and the contour sur-
face of the vortex core in the volute tongue region was
mainly distributed at the volute tongue of the intersecting
line, indicating that the separation vortex caused by the
high-speed shear flow on the volute tongue wall always
existed in the process of blade sweeping the volute tongue,
which had a major impact on the flow field near the volute
tongue.

Figure 15 shows the vortex core distribution near the
volute tongue of the fuel centrifugal pump blade under the
improved scheme at the cavitation number ¢ of 0.10. It
can be seen from Figure 15 that the distribution of the vortex
core in the volute tongue region of the improved scheme was
significantly reduced compared with the original scheme.
The volume distribution of the vortex core at the outlet of
the impeller was very small at TO0, while the improved volute
tongue wall did not form an obvious vortex structure. With
the rotation of the impeller, the vortex core at the outlet of
the impeller completely disappeared at T1 and T2, and the
separation vortex on the volute tongue wall was effectively
suppressed.

By comparing the changes of the vortex core in different
schemes at the cavitation number o of 0.10, it can be seen
that the original scheme had a larger vortex core distribution
area in the volute tongue of the intersecting line, and the
vortex core did not disappear as the impeller passed through
the volute tongue, while the improved volute tongue had a
significant control effect on the separation vortex on the
volute tongue surface, avoiding the influence of the separa-
tion vortex on the flow field.
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(b) T1

FiGure 15: Unsteady evolution of vortex core near the improved volute tongue region at the cavitation number of 0.10.
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FiGure 16: Unsteady evolution of vortex core near the original volute tongue region at the cavitation number of 0.05.
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F1GURE 17: Unsteady evolution of vortex core near the improved volute tongue region at the cavitation number of 0.05.

Figure 16 shows the vortex core distribution near the
volute tongue of the fuel centrifugal pump blade under the
original scheme at the cavitation number o of 0.05. As can
be seen from Figure 16, the separation vortex core on the
volute tongue wall of the original scheme did not change sig-
nificantly with the rotation of the impeller. The volume of
the vortex core at the outlet of the impeller was larger at
TO; the vortex core at the impeller outlet decreased at T1
and disappeared at T3.

Figure 17 shows the vortex core distribution near the
volute tongue of the fuel centrifugal pump blade under the
improved scheme at the cavitation number o of 0.05. As
can be seen from Figure 17, the separation vortex on the
volute tongue wall of the improved scheme was effectively
suppressed, indicating that the improved volute tongue had
a more obvious weakening effect on the separation vortex
on the volute tongue wall. The volume of the vortex core

at the outlet of the impeller was reduced compared with
the original scheme at T0, and it completely disappeared at
T1 and T2.

By comparing the unsteady changes of the vortex core in
different schemes at the cavitation number o of 0.05, it can
be seen that there is an obvious separation vortex on the wall
of the volute tongue in the original scheme. When the blade
and the volute tongue are in different relative positions, the
separation vortex core distribution was not significantly
affected. The results show that the separation vortex formed
by high-speed shear flow in the process of the blade sweep-
ing the volute tongue was not obviously affected by the rela-
tive position of the blade and the volute tongue. The
improved scheme did not form an obvious vortex core on
the volute tongue wall, indicating that the generation of wall
separation vortex was effectively suppressed in the axial
direction at a low cavitation number. At the same time,
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FIGURE 18: Pressure gradient distribution near the original volute tongue region at the cavitation number of 0.10.
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FIGURE 19: Pressure gradient distribution near the improved volute tongue region at the cavitation number of 0.10.

when the blade approached the volute tongue, the vortex
core formed in front of the diaphragm and disappeared
in the process of gradually approaching the volute tongue.
After volute tongue swept volute tongue, there was no new
vortex core formed at the top of the blade after the blade
swept the volute tongue, which indicated that the tip vor-
tex formed in front of the volute tongue during the
dynamic process of the blade sweeping the volute tongue
and then gradually disappeared. The volume of the vortex
core at the top of the blade in the original scheme was
larger at TO and T1, while the volume of the vortex core
at the top of the blade in the improved scheme was signif-
icantly smaller than that in the original scheme at low cav-
itation number.

By comparing the distribution of vortex core under
different cavitation numbers, it can be found that when
the cavitation number ¢ is 0.10, the volume of separated
vortex core distributed along the volute tongue wall in
the improved scheme was significantly reduced compared
with that in the original scheme, and the distribution area

of vortex core at the top of the blade was also reduced
during the blade sweeping the volute tongue. When the
cavitation number o is 0.05, the separation flow generated
on the volute tongue wall in the original scheme was not
significantly affected by the reduction of the cavitation
number. In the improved scheme, the separation vortex
core on the volute tongue wall was not significantly
affected by the reduction of the cavitation number, but
the volume of the vortex core at the top of the blade
increased with the reduction of the cavitation number.
The distribution area of the vortex core at the top of the
blade in both schemes increased at TO, but the vortex core
in the improved scheme was obviously smaller than that
in the original scheme. In general, the axial arrangement
of the rounded volute tongue weakened the separation vor-
tex on the volute tongue wall, and the vortex core region at
the top of the blade was reduced, which improved the flow
field in the volute tongue region and facilitated the dis-
charge of the fluid in the impeller through the diffusion
section.
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FIGURE 20: Pressure gradient distribution near the original volute tongue region at the cavitation number of 0.05.

Pressure.Gradient

|

2.00e+04
8.83e+07
1.76e+08
2.65e+08
3.53e+08
4.41e+08
5.29e+08
6.18e+08
7.06e+08
8.82e+08 A

(a) TO

7.94e+08

(b) T1

(kg m 2573

_

9.71e+08 -
1.06e+08 -
1.15e+09 ]
1.24e+09
1.32e+09
1.41e+09
1.50e+09

(c) T2

FIGURE 21: Pressure gradient distribution near the improved volute tongue region at the cavitation number of 0.05.

3.5. Influence of the Volute Tongue Shape on the Volute
Pressure Gradient. Since cavitation is often accompanied by
strong vortex motion, the internal pressure in the vortex
core region is lower than that in the circulation region, and
a larger pressure gradient is formed under the action of the
vapor-liquid interface in the cavitation region. Therefore,
combined with the cavitation occurrence condition in the
volute tongue region, the pressure gradient in the volute ton-
gue region was analyzed.

Figure 18 shows the pressure gradient distribution in the
original volute tongue region of the fuel centrifugal pump at
the cavitation number o of 0.10. It can be seen from
Figure 18 that in the process of the blade sweeping the volute
tongue, the original scheme formed a large pressure gradient
distribution area at the location of flow separation on the
volute tongue wall and at the top of the blade, respectively.
When the local pressure is lower than the saturated steam
pressure, it is easy to cause cavitation at this location. High
pressure gradient region on the volute tongue wall and the
top of the blade was significant at TO. With the rotation of

FIGURE 22: Monitoring points of impeller passage and tongue
region.

the impeller, the pressure gradient gradually decreased at
T1 and T2.

Figure 19 shows the pressure gradient distribution in the
improved volute tongue region of the fuel centrifugal pump
at the cavitation number o of 0.10. It can be seen from
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FIGURE 23: Frequency domain distribution of pressure pulsation at monitoring point of impeller at the cavitation number of 0.10.

Figure 19 that the pressure gradient of the improved scheme
was reduced compared to the original scheme at T0. With
the rotation of the impeller, the pressure gradient is gradu-
ally reduced when the blade is close to and far from the
volute tongue.

Figures 20 and 21, respectively, show the pressure gradient
changes of the volute tongue region of the fuel centrifugal
pump under the original scheme and the improved scheme
at the cavitation number o of 0.05. It can be seen from
Figure 20 that the pressure gradient of the original scheme
on the volute tongue wall and the top of the blade was rela-
tively high. With the rotation of the impeller, the pressure gra-
dient gradually reduced at T1 and T2. It can be seen from
Figure 21 that compared with the original scheme, the pres-
sure gradient of the improved scheme was reduced. At T1
and T2, the pressure gradient gradually reduced.

By comparing the pressure gradient distribution at the
cavitation number of 0.10 and 0.05, it can be seen that under
1.2 times of flow rate, the pressure gradient at the top of the
blade in the volute tongue region was reduced by modifying
the shape of the volute tongue, indicating that the improve-
ment of cavitation in the volute tongue region had a certain
influence on the flow field vortex and the vapor-liquid inter-
face, which reduced the pressure gradient.

3.6. Influence of the Volute Tongue Shape on Pressure
Pulsation Characteristics. In order to explore the characteris-
tics of pressure pulsation in the internal flow field of the fuel
centrifugal pump under 1.2 Q,, monitoring points were
arranged in the impeller and the volute tongue region,
respectively. The rotation speed of the impeller is 264001/
min, its axial frequency is 440 Hz, and its blade frequency
is 2640 Hz. The pressure pulsation coefficient C, was intro-

duced in the analysis.

0.5pu?’

where P is the static pressure at a certain time, P is the aver-
age static pressure during a rotation of the impeller, and u is
the circumferential velocity of the location of each monitor-
ing point.

Since the impeller has two symmetrical extended blades,
each flow passage is not completely symmetrical. Therefore,
three flow passages were selected to set monitoring points,
which are located in the middle section of the impeller out-
let. Monitoring points Y-A-1 and Y-A-2 were set in channel
A, Y-B-1 and Y-B-2 were set in channel B, and Y-F-1 and Y-
F-2 were set in channel F. The monitoring points in the
impeller rotated with the computational domain of the
impeller. At the same time, monitoring point T-1 was set
in the volute tongue region. The pressure pulsation monitor-
ing points are shown in Figure 22.

Figure 23 shows the frequency domain of pressure pulsa-
tion at the monitoring point of the impeller passage in the
fuel centrifugal pump at the cavitation number o of 0.10.
As can be seen from Figure 23, the main frequency of Y-
A-1,Y-A-2,Y-B-1, Y-B-2, Y-F-1, and Y-F-2 in the flow pas-
sage of the improved scheme all appeared in the axial fre-
quency, and the maximum pressure pulsation amplitude
appeared near the outlet of the impeller passage. The ampli-
tude of the pressure pulsation coeflicient at the outlet mon-
itoring points of different flow passages A, B, and F was Y-A-
1>Y-B-1>Y-F-1, while the amplitude of the flow passage
monitoring points Y-A-2, Y-B-2, and Y-F-2 was lower than
that at the outlet. The difference compared with the original
scheme is that the amplitude of the flow passage monitoring
points was reduced.

Figure 24 shows the frequency domain of pressure pulsa-
tion at the monitoring point of the impeller passage in the fuel
centrifugal pump at the cavitation number o of 0.05. The main
frequency of pressure pulsation in the improved scheme is the
axial frequency of the impeller. The maximum amplitude of
pressure pulsation appeared at monitoring points Y-A-1, Y-
B-1, and Y-F-1 near the impeller outlet. The pressure pulsa-
tion amplitude is ordered as Y-A-1>Y-B-1>Y-F-1. Different
from the original scheme, the amplitude of pressure pulsation
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was relatively reduced, and the maximum amplitude of pres-
sure pulsation at the monitoring points in the flow passage
was reduced by 11.3% compared with the original scheme.

Figure 25 shows the pressure pulsation frequency distri-
bution of monitoring point T-1 at the volute tongue of the
fuel centrifugal pump. The main frequency of the pressure
pulsation at monitoring point T-1 in the improved scheme
was blade frequency (2640Hz), and the amplitude of the
main frequency slightly increased with the reduction of the
cavitation number (o =0.05). Different from the original
scheme, when the cavitation number o is 0.05, the doubling
of the axial frequency of the monitoring point T-1 pressure
pulsation spectrum disappeared, which may be related to
the weakening of cavitation in the volute tongue region.

Combined with the improvement of the cavitation in the
volute tongue region with the improved volute tongue at a
low cavitation number under 1.2 Qg , it is shown that the
doubling of the axial frequency of the monitoring point
T-1 pressure pulsation in the volute tongue region is related
to the cavitation flow field in the volute tongue region.

4. Conclusion

Aiming at the cavitation in the volute tongue region of the
fuel centrifugal pump under 1.2 times of flow rate, the
influence of improved volute tongue shape on the fuel
pump cavitation under this condition was studied, and
compared with the original scheme, the main conclusions
are as follows:

(1) The critical cavitation number of the improved
scheme is reduced by 2.2%, 4.0%, and 7.4% com-
pared with the original scheme under 0.8 Q 1.0
Q> and 1.2 Qg and the cavitation performance is
further improved

(2) At the low cavitation number of 1.2 times of flow
rate, the axial volute tongue shape effectively sup-
pressed the formation of cavitation in the volute ton-
gue region

(3) Inthe improved scheme, the volume of the vortex core
is obviously reduced on the volute tongue wall and at
the top of the blade when the blade sweeps the volute
tongue of the fuel centrifugal pump, and the pressure
gradient in the volute tongue region is reduced

(4) In the improved scheme, the main frequency of pres-
sure pulsation at monitoring points Y-A-1, Y-A-2,
Y-B-1, Y-B-2, Y-F-1, and Y-F-2 of impeller passage
of fuel centrifugal pump is the axial frequency
(440 Hz). The main frequency of pressure pulsation
at monitoring point T-1 in the volute tongue region
is blade frequency (2640 Hz), and the amplitude of
the pressure pulsation is lower than that of the orig-
inal scheme. When the cavitation number o is 0.05,
the doubling of the axial frequency amplitude of
the pressure pulsation at monitoring point T-1 of
the volute tongue in the improved scheme is signifi-
cantly reduced
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