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Abstract: A numerical method using combined detached-eddy simulation (DES) and cavitation
model considering the rotation effect is used for unsteady cavitation flow field of the centrifugal
pump. Closed type pump test system was established to obtain the pump performance and pressure
pulsation characteristics under different flow rates and cavitation condition, which provide bound-
ary conditions and verification of calculations. Based on the calculation results of the unsteady flow
field of the centrifugal pump cavitation, the entropy generation analysis of the flow field and the
pressure fluctuation characteristics were carried out. Then the relationship between cavitation and
the deterioration of the centrifugal pump performance and the generation of the unstable operation
excitation force was tried to reveal. The internal energy loss is mainly concentrated in the impeller,
volute, and pump cavity area, which accounts for more than 85% of the total entropy generation.
The characteristic frequency of about 0.333 Strouhal Number appears at the volute tongue due to
the cavitation flow spread downstream.

Keywords: Centrifugal pumps; Cavitation; Entropy; Hydrodynamics Characteristics; Pressure fluc-
tuation.

1. Introduction

Cavitation is a multiphase hydrodynamic phenomenon that occurs when the local
static pressure of water is lower than the saturation vapour pressure [1] at that prevailing
temperature. Cavitation can lead to instability of the flow field structure, producing per-
formance deterioration, which adversely affects the operation of centrifugal pumps. After
cavitation appears, on the one hand, the bubbles consume energy and generate noise and
vibration in the process of generation and collapse. on the other hand, it interacts with the
turbulence field [2]. It is interesting to analyze the characteristics of cavitation loss and
pressure fluctuation of centrifugal pumps from the perspective of energy entropy gener-
ation.

Due to the complex structure of the centrifugal pump, it is difficult to directly process
cavitation observation inside the rotating impeller. Numerical simulation of cavitation on
the basis of experimental verification is a hot topic at present [3]. Many scholars devote
themselves to the research of the cavitation model. Schnerr [4] et al were devoted to mod-
eling and analyzing compressible three-dimensional cavitating liquid flows with special
emphasis on the detection of shock formation and propagation. Srinivasan et al [5]
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developed a novel cavitation-induced-momentum-defect correction methodology to track
cavitation zones and apply compressibility effects. Ji et al [6] and Huang et al [7] pay at-
tention to cavitation-vortex interaction problems and use Large Eddy Simulation (LES) to
solve the turbulence flow. Cheng et al [8] developed a new Euler-Lagrangian cavitation
model for tip-vortex cavitation with the effect of non-condensable gas. Up to now, nearly
one hundred cavitation models have been developed, and great progress has been made
in capturing cavitation flow in simple structures in combination with LES, detached-eddy
simulation et al. However, LES is always limited by computing resource due to the large
curvature of the centrifugal pump blade and its rotating characteristic. Wang et al [9] pro-
posed a cavitation model considering rotation correction, and the unsteady cavitation
characteristics of a centrifugal pump are studied with URANS. The accurate prediction of
the cavitation vortex field is still a difficult problem at present.

This study is devoted to establishing a numerical method by using a combined DES
and cavitation model considering the rotation effect. Then, entropy generation analysis
and pressure fluctuation analysis are used to study the flow loss and instability character-
istics of the centrifugal pump under cavitating condition.

2. Model and Methods

2.1. Pump model and test rig

A commercial single-stage, single-suction, horizontal-orientated centrifugal pump
from manufacturer Grundfos was used to process the study, whose casing is typically
combined with a spiral vaneless volute. The designed working head and flowrate are re-
quired as 20.6m and 43 m3h. The design parameters of the pump are shown in Table 1.

A closed-type loop shown in Figure.l was used to process the pump performance
and cavitation characteristic measurement, which includes the water storage tank, vac-
uum pump, test pump, pipeline, and an electrical regulating valve. Water flowrate is
measured by an electromagnetic flowmeter set between the upstream tank and the test
pump. The pump is driven by a stable high-power motor, and a torque meter is installed
between the motor and the pump. The static pressure and dynamic pressure sensors are
installed separately in the inlet and outlet pipelines of the pump. The compile acquisition
program of LabVIEW software combined with the NI USB-6343 acquisition card is used
to synchronously acquire the static pressure signal, dynamic pressure signal, liquid vol-
ume flow, speed, and torque. Pump head and global efficiency are obtained following ISO
9906-2012. In order to obtain the cavitation characteristics of the pump under different
flow rates, the vacuum is used to reduce the pump inlet pressure, while adjusting the
opening of the valve to keep the pump flow constant in the meantime. Uncertainties of
the measurement calculated by instrument precision are ©0.20% of flowrate, ©0.25% of
pump head, and ©0.34% of pump efficiency. The test rig was built to give out the inlet and
outlet boundary conditions for the next CFD approach. Moreover, the obtained pump
performance data, such as the pump head and efficiency, are used to verify or modify the
appropriate grid and the numerical calculation model.

Table 1: Hydraulic parameters of test pump

Parameter z Dsmm Ddmm Di/mm  Dmm  b/mm n/r-min-!

Value 6 65 50 140 79 15.5 2910

A closed-type loop shown in Figure.1 was used to process the pump performance
and cavitation characteristic measurement, which includes the water storage tank, vac-
uum pump, test pump, pipeline, and an electrical regulating valve. Water flowrate is
measured by an electromagnetic flowmeter set between the upstream tank and the test
pump. The pump is driven by a stable high-power motor, and a torque meter is installed
between the motor and the pump. The static pressure and dynamic pressure sensors are
installed separately in the inlet and outlet pipelines of the pump. The compile acquisition
program of LabVIEW software combined with the NI USB-6343 acquisition card is used
to synchronously acquire the static pressure signal, dynamic pressure signal, liquid
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volume flow, speed, and torque. Pump head and global efficiency are obtained following
ISO 9906-2012. In order to obtain the cavitation characteristics of the pump under different
flow rates, the vacuum is used to reduce the pump inlet pressure, while adjusting the
opening of the valve to keep the pump flow constant in the meantime. Uncertainties of
the measurement calculated by instrument precision are ©0.20% of flowrate, ®0.25% of
pump head, and ©0.34% of pump efficiency. The test rig was built to give out the inlet and
outlet boundary conditions for the next CFD approach. Moreover, the obtained pump
performance data, such as the pump head and efficiency, are used to verify or modify the
appropriate grid and the numerical calculation model.

Regulating valve

Figurel: Test rig

2.2. Numerical method

Three-dimensional modeling is carried out for the full flow path calculation domain
of the test pump as shown in Figure.2. The calculation domain is composed of six parts,
namely, the inlet pipe, the impeller ring, the impeller, the pump chamber, the volute, and
the outlet pipe. The extension with five times the pipe diameter is processed to maintain
the stability of the fluid flow in the inlet and outlet parts so as to improve the accuracy of
the numerical simulation.

The structured type of meshes are used for grid generation and are specially densi-
fied at areas with complex flow structures such as the blade wall. In addition, grid inde-
pendence verification is processed to balance calculation accuracy and simulation time.
The results show that the relative errors of head and efficiency are less than 1% when the
number of grids is more than 6.342 million. And the y+ value of the near wall grid is less
than 5, which can meet the simulation requirements of pump cavitation.

Volute \
Pump
chamber
Inlet Ring Impeller /
(a) Computing domain (b) Mesh

Figure 2: Three-dimensional view of computing domain and grid results

The shear stress transport (SST) turbulence model embedded in ANSYS CFX 17.2
software (ANSYS, Inc.,, Commonwealth of Pennsylvania, USA) was repeatedly used for
steady calculation. Then, the unsteady simulation is processed based on the DES method.
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It switches from the SST-RANS model to the LES model in regions where the turbulent
length, Lt, predicted by the RANS model is larger than the local mesh spacing. The actual
formulation for a two-equation model is below.
M+M:ﬂ_pL+i((ﬂ+ﬁ 6_k] M)
ot ox; min(L,,CpiA, ) Ox; o, Ox;

In this case, the length scale calculating the dissipation rate in the equation for the
turbulent kinetic energy is replaced by the local mesh. As the grid is refined below the
following limit, the DES-limiter is activated and switches the model from RANS to LES
mode.

CppsAx > L — RANS
CppsA o <L, = LES ()
A =max(A A LA

L=k"/e=Gk) fo
where x, y, z means three directions of the spatial coordinate system for the local
computational cell. This model allows the user to avoid the high computing costs of cov-
ering the wall boundary layers in LES mode. In order to avoid the limitation of grid re-
finement inside attached boundary layers, the dissipation term in the k-equation is

thereby re-formulated as follows:

3/2 k3/2 k3/2 L
: =p—0 = p—max(l,——) )
min(L,, Cp, . A) L, min(1,Cp,, A/ L) L CppsA

4

max
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The numerical formulation is also switched between an upwind biased and a central
difference scheme in the RANS and DES regions, respectively.

A so-called RZGB cavitation model is used for the numerical simulation of cavitating
flow inside the pump. This model could consider the rotating effect and geometric char-
acteristics of the impeller, which is based on Zwart-Gerber-Belamri cavitation model. The
expressions of the evaporation source term and condensation source term are as follows.
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The inlet boundary is set with total pressure, the outlet boundary condition is se-
lected for mass flow, the working medium is 25 Cclear water, the saturated steam pres-
sure of water is set to 3169Pa, and the convergence accuracy is set to 10-5. An appropriate
time step At is set to 0.00017182s, which satisfies the time-step independence after judging
by Courant number calculation. The default value of the software is adopted in the calcu-
lation.

2.3. Data reduction method

Entropy generation analysis method is proposed based on the second law of thermo-
dynamics, which combines heat transfer and fluid mechanics to analyze energy loss. The
energy dissipation will inevitably occur in the cavitation flow process of the test pump,
which is closely connected to pump performance and instability. The definitions of direct
dissipative entropy production rate and turbulent dissipative entropy production rate are

followed respectively.
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represents the time average term, %P is the direct dissipative entropy

(6)
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where

wulry

represents the pulsation term, Swmor indicates the turbulent dissi-

pation entropy production rate, and o = MG+ G,

Because it is difficult to directly calculate the entropy production rate caused by fluc-
tuating velocity, a method proposed by Kock, and Herwig [10] is adopted in this paper to
correlate @ value in the turbulence model with the entropy production rate generated by
the fluctuating velocity component.

S

production rate,

_ g Pk (

PRO,D' — T 7)

where B=0.09, o indicates turbulent eddy viscosity frequency, s-1. k is turbulent ki-
netic energy, m?/s2. The direct dissipative entropy generation and turbulent dissipative
entropy generation can be obtained by volume integration in the computational domain
based on this equation. In addition, wall entropy generation also accounts for a large pro-
portion of losses. However, the calculation error of entropy generation near the wall is
large by direct dissipative entropy generation formula because the medium is viscous and
there is a large velocity gradient in the boundary layer. Therefore, in this study, the wall
entropy generation is calculated by surface integral method [11].

7 -VvdA
SPRO,W ZT (
T -VdA 8)
ASPRO,W =J. T
A

—

AS PROW T

Where S70% indicates the wall entropy rate, is the wall entropy, indi-

cates wall shear stress, Pa. A represents the surface area of the computational domain,

—

m2. V' is the velocity vector of the fluid at the center of the first layer mesh, m/s.
3. Results analysis

3.1. Experimental verification of pump performance

Figure 3a shows the comparison results of pump performance at 2910 r-min-1 be-
tween the experiment and CFD under different flowrate. It can be seen from the compar-
ison that the trend of the measurement results is in good agreement with the simulation
in the whole flowrate. Under the design flow rate, the measured head of the test pump is
22.02m, and the numerical simulation result is 22.90m, with a relative error of 3.99%.
Moreover, the measured efficiency of the test pump is 72.65%, and the numerical simula-
tion result is 75.47%, with a relative error of 3.88%. As seen in Figure3b, the head coeffi-
cient of the test pump starts to decrease significantly at 2910 r-min-1 and 43m3/h when the
cavitation number decreases to about 0.09 both in the experiment and numerical simula-
tion, while the head drops by 3% when the cavitation number decreases to 0.06. The pre-
dicted results of RZGB cavitation model are closer to the test results, which indicates that
the selected turbulence model, cavitation model and boundary condition setting for CFD
are reliable.
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Figure 3: Comparison between numerical simulation and experimental results

3.2. Entropy generation analysis

Figure 4 shows the distribution of the three production terms of entropy generation
defined in previous section under different cavitation number, where the blue color val-
ues calculated from equation (7), the grey color values calculated from equation (5), and
the red color values calculated from equation (8). It can be seen that the sum of the three
types of entropy increases with the decrease of cavitation number. This is because with
the development of cavitation, the number and volume of cavitation bubbles inside the
impeller will also increase until block the channel, which brings loss in the whole process.
With the decrease of cavitation number, the total entropy generation increases a little
while the values increase 0.5W/K from ¢=0.43 to 0.051. It indicates that the development
of cavitation has little influence on pump efficiency. Under different cavitation numbers,
the turbulent dissipation entropy value is greater than the wall entropy value, and both
of them are far outweigh the direct dissipation entropy value. Therefore, the turbulence

dissipation entropy generation and wall entropy generation play an important role in the
flow loss of the test pump.
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Figure 4: The distribution of entropy generation with different cavitation numbers

In order to further analyze the internal energy loss of the test pump under cavitation
condition, the entropy generation at five parts of the flow passage are calculated under
different cavitation number. Figure5 shows the proportion of entropy generation under
three cavitation numbers, i.e., 6 =0.43 means no cavitation, o =0.07 indicates the condition
that the pump head dropped by 1%, and ¢ =0.06 indicates the condition that the pump
head dropped by 3%. Seen from it, the areas with large energy losses are mainly concen-
trated in the volute, impeller and pump chamber areas, which account for more than 85%
of the total entropy generation. The entropy generation of the volute area accounts for
almost 50% of the total entropy generation, and the entropy generation of the impeller
area and the pump chamber area is close. In general, the entropy generation upstream of
the inlet pipe is the smallest. However, it is worth noting that the entropy generation in
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the impeller eye area accounts for about 10% of the total entropy generation even though

the leakage is small compared with the other flow passage.
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(a) ©=0.43(0%) (b) ¢=0.07(1%) () 5=0.06(3%)
Figure 5: Proportion of entropy production under different cavitation numbers
Figure 6 shows the distribution of the entropy production rate at middle section of

the test pump under three typical cavitation numbers. Seen from it, the entropy produc-
tion rate is mainly distributed on the blade wall and impeller flow passage, volute wall
and volute flow passage, pump cavity wall, pump cavity flow passage and annular gap
for all cavitation development levels. With the decrease of cavitation number, the entropy
yield of the inlet extension section tends to decrease, while that of other flow passage
components tends to increase. This has been already detected in previous works when the
cavitation pocket is small. This leads to a better incidence angle to the blade’s leading edge
shape.

S [W m?-3 KA-1]

O By O G Ay A L 2 2, 2 J
‘o 0 TGy Gy Ny O o Y Y% S UG,
g7 0-0 .0\0 (“) :% % (7P 7] !%
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(a) 6=0.43 (b) =0.07 (¢) 5=0.06
Figure 6: The distribution of entropy production at middle section of pump channel

3.3. Analysis of Pressure Fluctuation Characteristics

In order to study the pressure pulsation characteristics of the test pump under differ-
ent cavitation developments, six monitoring points (Prel~Pre6) are set at the position of
span=0.5 on the blade pressure surface, which aims to avoid the pressure disturbance from
the cavitation bubble. In addition, seven monitoring points (Vol1~Vol7) are set at the mid-
dle section of the volute, as shown in Figure 7. Pre 3 is set at the inlet blade throat of the
impeller, where is the narrowest part of the flow passage. In particular, the Strouhal num-
ber corresponding to the shaft passing frequency is StR=fR/fBPF=0.1667, and the Strouhal
number corresponding to the blade passing frequency is StBPF=fBPF/fBPF=1. The pres-
sure pulsation coefficient of each monitoring point on the blade pressure surface is ob-
tained by dimensionless processing of the pressure pulsation at each monitoring point
[12]. The data of the last 10 cycles are taken for a fast Fourier transform to obtain the
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corresponding frequency domain of the pressure pulsation coefficient at each monitoring
point.
LY.

Z I/l2 fBPF

\

Pressure side of the
impeller blade

St
)

Figure 7: The distribution of pressure pulsation monitoring points

It can be seen from the Figure.8 that the pressure fluctuation coefficient signals show
discrete frequency domain characteristics with the development of cavitation for all mon-
itoring point. Due to the different development of cavitation structure in each flow chan-
nel, the dominant frequency is always the fR (shaft passing frequency), especially for mon-
itoring points that are far away from the volute tongue, such as Prel, and Pre2. Corre-
spondingly, the monitoring points that are relatively close to the volute tongue, such as
Pre5 and Pre6, the main frequencies are the fR and the multiple. The amplitude gradually
increases as the distance between the points and the volute tongue gets closer when =0.43
and 0.07. However, the amplitude of Pre3 also presents higher values when ¢=0.06 and
0.051, which might be due to the location. When cavitation develops seriously, a large
number of cavities on the suction side affect the pressure fluctuation characteristic. In ad-
dition, there are more low-frequency pulsations at each monitoring point when ¢=0.43,
while there are fewer low-frequency pulsations characteristic for Prel, Pre2, and Pre3 at
the severe cavitation stage when ¢=0.06 and 0.051. In the critical cavitation state 6=0.06,
the Pre3 and Pre4 have a brand frequency characteristic between St=0.075~0.9, which is
related to the cavitation shedding frequency and is determined by the chord width and
length of the blade inlet. This frequency is helpful for pump cavitation monitoring because
the pump head starts to drop more steeply at this condition.
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Figure 8: Frequency domain of pressure pulsation coefficient at each monitoring
point on blade pressure surface under different cavitation numbers

The typical cavitation condition 6 =0.06 is selected to analyze the pressure fluctuation
characteristics of each monitoring point in the middle section of the volute. Seen from the
time domain diagram of Figure.9, the pressure pulsation coefficient of each monitoring
point has six obvious "peaks and valleys" in a rotation cycle, and the amplitude and phase
of the pressure pulsation coefficient also have obvious differences. The reason for the
phase difference is that the time of blade sweeping the monitoring points starting from
Voll to Vol6 is different. The change rate and amplitude of the pressure pulsation coeffi-
cient at Vol2 and Voll are the largest, while that at Vol3, Vol4, Vol5 and Vol6 are obviously
smaller. On the one hand, the monitoring points are gradually farther away from the dia-
phragm, which weakens the dynamic and static interference between the blade and the
volute. On the other hand, the area of the section of monitoring point locating is gradually
increased, Making the average cavity volume of the same mass cavity decrease in each
cross-section. Under the combined action of the two factors, the amplitude of the pressure
fluctuation coefficient shows a trend of gradual reduction. However, the change rate and
amplitude of the pressure fluctuation coefficient at Vol7 are also bigger, because the mon-
itoring point is also relatively close to the tongue, which is affected by the dynamic and
static interference between the blade and the volute. Frequency domain results shown in
figure.9b shows that the pressure pulsation coefficient signals at each monitoring point
show discrete frequency domain characteristics. The dominant frequency of the pressure
pulsation coefficient is located at the blade passing frequency and the multiple, and the
maximum peak is always located at the blade passing frequency. The pressure pulsation
intensity at Voll and Vol2 are the largest, indicating that the transient flow characteristics
is stronger than those at other monitoring points due to the blade and the volute tongue
interaction. There is a frequency of about 0.3335tBPF appearing at the Voll monitoring
point, which is mainly caused by the strong three-dimensional unsteady cavitation flow.
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Figure 9: Time domain and frequency domain diagrams of pressure pulsation in the
volute

4. Conclusions

Unsteady cavitation flow of the centrifugal pump was calculated by combined DES
and RZGB cavitation model, and then the entropy generation analysis of the flow field
and the pressure fluctuation characteristics were carried out. The main conclusions are as

(2) Under different cavitation numbers, the turbulent dissipative entropy generation
and wall entropy generation play an important role in the flow loss of the pump, while
the viscous dissipative entropy generation is very small and even can be ignored. The sum
of the three types of entropy output values increases with the decrease of cavitation num-
bers. The internal energy loss is mainly concentrated in the impeller, volute and pump
cavity area, which accounts for more than 85% of the total entropy generation. The impact
between the leading edge of the blade and the incoming flow, as well as the dynamic and
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static interference between the blade outlet and the volute tongue, are the main reasons
for the flow loss in the impeller area.

(3) In the non-cavitation stage and cavitation development stage, there are many low-
frequency pulsations at each monitoring point. When the cavitation number decreases to
0.06, the expansion of the cavitation volume will absorb part of the pressure pulsation,
resulting in a decrease in the amplitude of the pressure pulsation coefficient at the Pre6
monitoring point compared with the previous cavitation stage. The Pre3 and Pre4 has a
brand frequency characteristic between S5t=0.075~0.9. The characteristic frequency of about
0.333StBPF appears at the Voll, which is mainly caused by the strong three-dimensional
unsteady cavitation flow. In the initial cavitation stage and the severe cavitation stage, the
low-frequency pulsations are reduced. The position of the monitoring point with large
pressure fluctuation amplitude is consistent with large wall entropy generation.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1.: title.
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Appendix A
impeller outlet width n rotate speed
Pressure fluctuation coefficient,
_p-p ns  specific rotate speed
" 0.5pu
pump inlet diameter P average pressure
pump outlet diameter Dy Saturated pressure
impeller inlet diameter pi density
. . ressure at the pum
impeller outlet diameter Din P ) pump
inlet
cavitation number, __ Pu—P
o 0.5p (0] flow rate
. tangential velocity at
efficiency ui g Y

the impeller inlet
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tangential velocity at
f

/ requeney the impeller outlet
head b head coefficient

blade number of

Hq Design head Z )
impeller
n rotational speed

References

1.  Bachert, R, Stoffel, B., & Dular, M. Unsteady Cavitation at the Tongue of the Volute of a Centrifugal Pump. Journal of Fluids
Engineering-Transactions of the Asme 2010, 132(6). d0i:10.1115/1.4001570

2. Reuter, F,, Gonzalez-Avila, S. R., Mettin, R,, et al. Flow fields and vortex dynamics of bubbles collapsing near a solid boundary.
Physical Review Fluids 2017, 2(6). d0i:10.1103/PhysRevFluids.2.064202

3. Fu Y. X, Yuan, J. P, Yuan, S. Q., et al. Numerical and Experimental Analysis of Flow Phenomena in a Centrifugal Pump
Operating Under Low Flow Rates. Journal of Fluids Engineering-Transactions of the Asme 2015, 137(1). doi:10.1115/1.4027142

4. Schnerr, G. H., Sezal, I. H., & Schmidt, S. ]. Numerical investigation of three-dimensional cloud cavitation with special emphasis
on collapse induced shock dynamics. Physics of Fluids 2008, 20(4). doi:10.1063/1.2911039

5. Srinivasan, V., Salazar, A. ., & Saito, K. Numerical simulation of cavitation dynamics using a cavitation-induced-momentum-
defect (CIMD) correction approach. Applied Mathematical Modelling 2009, 33(3), 1529-1559. doi:10.1016/j.apm.2008.02.005

6. Ji, B, Luo, X. W.,, Arndt, R. E. A,, et al. Numerical simulation of three dimensional cavitation shedding dynamics with special
emphasis on cavitation-vortex interaction. Ocean Engineering 2014, 87, 64-77. doi:10.1016/j.oceaneng.2014.05.005

7.  Huang, B. A, Zhao, Y., & Wang, G. Y. Large Eddy Simulation of turbulent vortex-cavitation interactions in transient sheet/cloud
cavitating flows. Computers & Fluids 2014, 92, 113-124. d0i:10.1016/j.compfluid.2013.12.024

8. Cheng, H.Y, Long, X. P, Ji, B, et al. A new Euler-Lagrangian cavitation model for tip-vortex cavitation with the effect of non-
condensable gas. International Journal of Multiphase Flow 2021, 134. d0i:10.1016/j.ijmultiphaseflow.2020.103441

9. Wang, ], Wang, Y., Liu, H. L., et al. Rotating Corrected-Based Cavitation Model for a Centrifugal Pump. Journal of Fluids Engi-
neering-Transactions of the Asme 2018, 140(11). doi:10.1115/1.4040068

10. Kock, F., & Herwig, H. Local entropy production in turbulent shear flows: a high-Reynolds number model with wall functions.
International Journal of Heat and Mass Transfer 2004, 47(10-11), 2205-2215. doi:10.1016/j.ijheatmasstransfer.2003.11.025

11. Wang, C, Zhang, Y. X., Hou, H. C,, et al. Entropy production diagnostic analysis of energy consumption for cavitation flow in
a two-stage LNG cryogenic submerged pump. International Journal of Heat and Mass Transfer 2019, 129, 342-356.
doi:10.1016/j.ijheatmasstransfer.2018.09.070

12.  Zhang, N., Zheng, F., Liu, X,, et al. Unsteady flow fluctuations in a centrifugal pump measured by laser Doppler anemometry

and pressure pulsation. Physics of Fluids 2020, 32(12). d0i:10.1063/5.0029124


https://doi.org/10.20944/preprints202306.1375.v1

