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The flow-induced noise mechanism of a 5000 rpm high-speed gear pump is explored. On the basis of the
CFD technology and the Lighthill acoustic analogy theory, a numerical model of the flow-induced noise of
a high-speed gear pump is constructed, and the effect of oil suction pressure (0.1-0.2 MPa) on the internal
flow field and flow-induced noise characteristics of the high-speed gear pump is investigated. To evaluate the
accuracy of the numerical simulation, a noise testing platform for high-speed gear pumps was developed. Adding
an oil replenishment groove to the high-speed gear pump suppresses its flow-induced noise. The results indicate
that the discrete noise at the fundamental frequency and its harmonic frequency is the primary component
of the flow-induced noise of the pump and that the oil-trapped area is the principal source of vibration. The
overall sound pressure level of flow-induced noise in the inlet and outlet areas decreases with distance from
the oil-trapped area, and the sound pressure level in the outlet area is greater than that in the inlet area. The
oil replenishment groove may considerably minimize cavitation noise, enhance the oil absorption capacity, and
reduce the outer field’s overall sound pressure level by 4-5 dB.
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1. Introduction

In volumetric pumps, gear pumps are widely used
as power units in hydraulic systems due to their sim-
ple structure, strong anti-fouling ability, and low price.
With the development of high-speed and high-pressure
gear pumps, the problem of high noise induced by
working is becoming more and more obvious (W0O,
Vacca, 2020). The noise of the gear pump is com-
posed of mechanical noise and flow-induced noise. The
research shows that flow-induced noise is the major
source of noise in high-speed gear pumps, which is
mainly composed of cavitation noise, flow pulsation
noise, oil-trapped noise, and turbulent noise (FIEBIG,
WROBEL, 2022). The mechanical vibration noise can
be suppressed or eliminated by improving the process-
ing and manufacturing accuracy, and there is research
on the noise decomposition analysis (WANG et al.,
2016a). The flow-induced noise is due to its complex

sound generation mechanism, the wide range of fre-
quency involved, and the profound degree of harm,
that we must pay attention to. The working speed
of the gear pump is an important factor affecting
its working stability. Excessive speed will aggravate
the occurrence of cavitation and the phenomenon of
trapped oil, causing serious vibration noise (Wo0O,
Vacca, 2022). However, too low a speed will cause
a low volumetric efficiency of the gear pump. There-
fore, the working speed is usually set in the range of
600-3000 r/min. The high-speed gear pump studied in
this topic has a high speed (3000-5000 r/min) and low
oil suction pressure under actual working conditions.
On the one hand, it is difficult for the oil to fill the
tooth groove in time due to the centrifugal force gen-
erated by the high speed, resulting in serious gas accu-
mulation at the tooth root and reducing the volumetric
efficiency of the pump. Furthermore, it will also aggra-
vate the cavitation of the pump and produce serious
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cavitation noise (ZHANG et al., 2021). Therefore, flow-
induced noise is the main component of high-speed
gear pump noise.

In this paper, the mechanism of flow-induced noise
of a high-speed gear pump with a speed of 5000 r/min
is analyzed. Based on the CFD technology and the
Lighthill acoustic analogy theory, a numerical model
of the flow-induced noise of a high-speed gear pump
is established. The variation characteristics of internal
and external sound fields of flow-induced noise of gear
pumps at different speeds are studied. The noise test
system of the high-speed gear pump is built to ver-
ify the accuracy of numerical simulation. Finally, the
flow-induced noise suppression effect of the high-speed
gear pump is achieved by adding an oil replenishment
groove.

2. Mechanism analysis of flow-induced noise
in high-speed gear pump

Flow-induced noise and mechanical noise are im-
portant sources of gear pump noise. With the develop-
ment of a high-speed gear pump and the improvement
of machining accuracy, flow-induced noise will be much
greater than mechanical noise. The specific causes are
summarized as follows.

2.1. Cavitation noise

For the operation of rotating machinery with fluid
as the working medium, the occurrence of cavitation is
often accompanied. When the fluid flows through the
variable cross-section channel, the flow rate of the fluid
will increase and the pressure will decrease. When the
local fluid pressure is lower than the saturated vapor
pressure of the oil, the gas incorporated in the oil will
be vaporized and precipitated. The precipitated gas is
brought to the high-pressure area by the oil. When
the bubble is shattered while it is being subjected to
pressure, it will generate a strong pressure in the core
of the bubble, which will lead to a huge impact and
a lot of noise, specifically cavitation noise (LIU et al.,
2015; 2016).

2.2. QOil trapped noise

In order to ensure the normal operation of involute
gears, the contact degree of gear meshing is required
to be greater than 1, so there is an inevitable trapped
oil volume. When the oil in the trapped oil volume is
squeezed by the rotation of the gear, the compressibil-
ity of the oil is very small, and the oil in the trapped
oil area will produce strong hydraulic impact and ex-
trusion leakage, which will cause vibration and noise
of the gear and the pump. At the same time, when
the volume of the trapped oil area changes from small
to large, it will induce cavitation and aggravate noise
pollution (Guo, GUAN, 2021).

2.8. Flow pulsation noise

As a kind of volumetric pump, the working princi-
ple of the gear pump inevitably produces periodic flow
changes due to the structural characteristics, which
makes the discharged oil to exhibit periodic flow pul-
sation. The flow pulsation at the outlet will cause pres-
sure pulsation under the coupling with the load, which
can cause vibration and noise of gear pumps, pipelines,
and other components of the system. If the frequency
of the flow pulsation coincides with a certain fre-
quency of the system, it will also cause resonance and
produce stronger noise (MARINARO et al., 2021).

2.4. Turbulent noise

When the gear pump works, the internal fluid flow
law is complex, and the fluid flow is more disordered
under high-speed working conditions, thus inducing
strong noise, that is, turbulent noise, which is usually
composed of a turbulent boundary layer and its wake,
vortex shedding from the solid surface, turbulence im-
pacting the solid surface and other factors, and the
spectrum presents a broadband characteristic.

The flow-induced noise of a high-speed gear pump
is primarily caused by the unsteady flow of its inter-
nal fluid. From the perspective of the generation
mechanism of flow-induced noise, the types of fluid
sound sources can generally be divided into monopole
sources, dipole sources, and quadrupole sources. Fig-
ure 1 shows the sound source models and characteris-
tics of three kinds of fluid sound sources (WANG et al.,
2016b). Among them, Ma represents the Mach num-
ber, Wa refers to sound radiation velocity, and Uy rep-
resents sound radiation velocity without disturbance.
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Fig. 1. Flow-induced noise source model
and its characteristics.

The monopole source can be considered a point
source of pulsating mass flow, which is mainly caused
by the uneven mass or heat inflow in the medium.
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The intensity of the sound source is proportional to the
square of the Mach number. The dipole source can
be regarded as the composition of two anti-phase
monopole sources. The main reason is the interaction
between the fluid and the solid contact with it. The in-
tensity of the sound source is proportional to the third
power of the Mach number, and the directivity of the
sound radiation presents the “8” shape. The spectrum
presents discrete characteristics. The common dipole
source noise includes the boundary layer noise and the
propeller rotation noise. Quadrupole sources can be
considered to be composed of two anti-phase dipole
sources, which are mainly produced in the stress change
of turbulent fluid. The intensity of the sound source
is proportional to the fifth power of the Mach num-
ber, and the directivity of acoustic radiation is a “four
lobes” shape. The spectrum shows broadband charac-
teristics. The common four-level sub-source noise in-
cludes jet noise and turbulent noise. From the perspec-
tive of noise radiation efficiency, the highest to lowest
radiation intensity are: the monopole source, the dipole
source, and the quadrupole source.

The flow-induced noise of the high-speed gear
pump is composed of the above three fluid sound
sources, in which the cavitation noise belongs to the
monopole source noise. Since the high-speed rotation
of the gear intensifies the occurrence of cavitation, and
the radiation efficiency of the monopole source noise is
higher than that of the other two sound sources, the
monopole source noise is often a key factor in the noise
reduction of the high-speed gear pump. The vibration
radiation noise of the pump body contacted by the
pressure fluctuation of the fluid belongs to the dipole
source noise. Although the noise radiation efficiency is
not as good as that of the monopole source noise, it of-
ten forms a strong noise level. Turbulent noise belongs
to the fourth-order sub-source noise. Because its noise
radiation efficiency is the weakest and is often consid-
ered at a high Mach number, the fluid flow in a high-
speed gear pump belongs to a low Mach number, so it
is ignored.

3. Numerical simulation
3.1. Calculation model

Since the involute gear is easy to manufacture and
has a strong bearing capacity, the object of this study is
designed as the involute external gear pump. The theo-
retical displacement of the pump is 72 mL/r, the work-
ing pressure is 2 MPa, and the working speed is 3000—
5000 r/min. The simplified geometric modeling of the
gear pump is carried out in Creo software, which is
mainly composed of an inlet, an upper pump cover,
a lower pump cover, a gear, and a floating side plate,
as shown in Fig. 2. The main geometric parameters of
the gear part of the external gear pump calculated ac-

Fig. 2. Structure diagram of high-speed gear pump: 1) up-

per pump cover; 2) driving gear; 3) inlet; 4) lower pump

cover; 5) floating side plate; 6) driven gear; 7) pump shaft;
8) needle roller bearing; 9) outlet.

cording to the design parameters are shown in Table 1.
The diameter of the oil suction port of the gear pump
is 58 mm, and the diameter of the oil discharge port is
30 mm.

Table 1. Gear design parameters.

Parameter Parameter value
Module of gear 5
Tooth number 10
Gear indexing circle diameter [mm] 50
Addendum [mm)] 4
Tooth dedendum [mm]| 7.25
Root diameter [mm]| 35.5
Addendum circle diameter [mm)] 58
Pressure angle [°] 20
Displacement factor -0.2
Operating center distance [mm)] 47.5
Tooth width [mm] 45

3.2. Flow field calculation

Based on the Pumplinx flow field analysis software,
the internal flow field of the gear pump was simulated
and analyzed. The SIMPLEC algorithm was used, and
the RNG k-¢ turbulence model was used for the tur-
bulence model. This model was an important correc-
tion based on the standard k- turbulence model. By
reflecting the influence of small-scale vortex in the cor-
rected viscosity term and large-scale vortex motion,
this model can calculate the low Reynolds number tur-
bulence and take into account the vortex effect, which
improves the calculation accuracy of strong vortex flow
(CHEN et al., 2003). The grid division of the computa-
tional model adopts the special grid generator template
provided by software. The final number of grid cells
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is 462761, and the number of grid nodes is 1486231.
The overall grid division is shown in Fig. 3.

a) b)

Fig. 3. Grid model of flow field: a) import and export areas;
b) gear region.

In this paper, the residual convergence accuracy of
the simulated physical quantity is set to 0.1, the time
step of each tooth is set to 40 steps, the number of teeth
is 10, and the gear is set to rotate for 10 rotations.
Then the total time step is 4000. At the same time,
to ensure the accuracy of the subsequent acoustic sim-
ulation, the flow field data showing periodic changes
in the next five rotations are exported as the sound
source term of the acoustic calculation with the En-
Sight format file. Table 2 shows the specific settings of
simulation boundary conditions.

Table 2. Boundary conditions and parameter settings.

Dynamic viscosity [Pa-s| 0.2532516
Fluid density [kg/m?] 860
Elasticity of modulus of liquid bulk [Pa] 2.15e + 09
Saturated vapor pressure [Pa)| 37100
Initial gas content 0.00009
Temperature [°] 20

Inlet pressure [MPa) 0.1, 0.15, 0.2
Outlet pressure [MPa| 2
Revolution speed [r/min]| 3000, 4000, 5000

3.8. Sound field calculation

In this paper, the acoustic simulation of the flow-
induced noise of the external gear pump is carried out
based on the acoustic finite element method and the
infinite element method. The body sound source and
surface sound source of the fluid are extracted by the
CAA method and interpolated into the correspond-
ing acoustic body grid and the surface grid. Then, the
noises generated by the flow field are simulated and
their sound pressure spectra were obtained (CARLETTI
et al., 2016). To improve the accuracy of acoustic cal-
culation, acoustic modeling only retains the important
structural characteristics of the high-speed gear pump,
the structural mesh of the pump body only retains the
upper and lower pump covers, does not include gear
and bearing and other parts, and the bearing holes

are closed. The acoustic calculation model is mainly
composed of body sound source, surface sound source,
sound propagation area, and acoustic infinite element
(Paszkowskl, 2020). The grid model is established in
HyperMesh software and the material properties of dif-
ferent components are defined, as shown in Fig. 4.

a)

Acoustic infinite
element

Pump body
grid

Sound propagation
area

b)

Body sound
source

Area source
of sound

Fig. 4. Acoustic grid model: a) pump body and acoustic
finite element infinite element mesh; b) acoustic grid in
fluid domain.

Due to the consideration of the external radiation
of the fluid sound source, the acoustic grid must in-
clude the grid of the external air domain, and the inter-
face of each part of the grid is set as a common node, so
that the transmission of acoustic information between
various components can be realized. The size of the
acoustic mesh is determined by the analysis frequency
of the fluid. The maximum size L.« of the acoustic
mesh should be calculated:

Lmax < C/6fmax- (1)

In the aforementioned equation, the sound speed ¢
is about 1300 m/s, and the time step At of flow field
calculation under each speed condition is 5x 107 s,
3.75x107° s, and 3x107° s, respectively. Then the
maximum frequency fnax at three speeds can be cal-
culated by the sampling law, and the maximum fre-
quency fmax is 16666 Hz. Therefore, the maximum
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size Lpax of the acoustic grid should be less than
13 mm, and the maximum size of the acoustic grid
of each part of the high-speed gear pump should not
exceed 0.2 mm, which can fully meet the require-
ments of the acoustic calculation. When converting
time-domain acoustic information to frequency-domain
acoustic information with a fast Fourier transform,
the window function needs to be set as a Hanning win-
dow to reduce signal leakage. To explore the frequency
response characteristics of the fluid sound source inside
the high-speed gear pump, three monitoring points are
set in the inlet and outlet areas of the pump, as shown
in Fig. 5.

Outlet
—cl
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a3 Cé
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al
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Fig. 5. Internal acoustic monitoring points.

4. Analysis of numerical simulation results
4.1. Analysis of flow field calculation results

Figure 6 depicts the flow pulsation curve of the
high-speed gear pump outlet under each oil suction
pressure after periodic stable fluctuation. From the
information in the graph, it can be seen that the in-
stantaneous flow curve of each graph shows periodic
change, which conforms to the essence that the peri-
odic change of the meshing point position leads to the
periodic change of the output flow. With the increase
of the rotational speed, the amplitude of outlet flow
pulsation is stronger. When the oil suction pressure is
0.1 MPa, the fluctuation amplitude of the outlet flow
pulsation of the high-speed gear pump is large under
various rotational speeds. With the increase of the oil
suction pressure, the amplitude of the outlet flow pul-
sation decreases gradually. The main reason is that the
increase of the oil suction pressure inhibits the cavita-
tion level in the gear rotor area, resulting in the de-
crease of the flow pulsation at the outlet. Therefore,
the way of pressurizing the oil tank pressure can be
used to reduce the occurrence of internal cavitation in
high-speed gear pumps and to reduce the cavitation
noise level.
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Fig. 6. Fluctuation curve of outlet flow under each suction
pressure: a) 3000 r/min; b) 4000 r/min; c) 5000 r/min.
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4.2. Analysis of sound field calculation result

After the acoustic calculation is completed, the dis-
tribution cloud diagram of surface and body sound
sources at the fundamental frequency and its harmon-
ics are selected. From the formula f =n-Z/60, it can
be seen that when the rotational speed is 4000 r/min,
the passing frequency (fundamental frequency) of the
gear to the fluid is 667 Hz, and then 1333, 2002, and
2665 Hz are all harmonics of the fundamental fre-
quency (HUANG et al., 2019). From Fig. 7 the distribu-
tion of surface sound sources and sound pressure levels
at different locations can be seen. In the distribution of
the surface sound source on the outer wall of the gear
rotation area, the alternating occurrence of the maxi-
mum and minimum sound pressure levels is the dis-
crete sound source when the high-speed gear pump
works. Compared with other frequencies, the sound
pressure level at the fundamental frequency is the high-
est, and with the increase of frequency, the sound pres-
sure level shows a significant decreasing trend.

Qe 2
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.

Fig. 7. Surface sound source images at fundamental
frequency and harmonics frequency [dB]: a) 667 Hz;
b) 1333 Hz; c¢) 2002 Hz; d) 2665 Hz.

It can be seen from the distribution cloud diagram
of the body sound source in Fig. 8 that the sound pres-
sure level of the body sound source is much higher than
that of the surface sound source. The sound pressure le-
vel of the body sound source at the fundamental fre-
quency is the highest, and with the increase of frequen-
cy, the sound pressure level also shows a significant
decreasing trend. The sound pressure level in the out-
let area is higher than that in the inlet area because
the oil in the outlet area is subjected to a high-pressure

load and has a strong impact on the pump body, which
makes the sound pressure level relatively high. In addi-
tion, the sound pressure level at the junction of the gear
and inlet and outlet fluid domain is also high. The un-
stable flow will produce obvious turbulence and vortex
phenomena, and the fluctuation of oil pressure directly
affects the level of the sound pressure.
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Fig. 8. Cloud images of body sound source at funda-
mental frequency and its harmonics frequency [dB|:
a) 667 Hz; b) 1333 Hz; c) 2002 Hz; d) 2665 Hz.

Figure 9 shows the flow-induced noise spectrum
curves of each acoustic monitoring point at the inlet
and outlet under the working condition of 4000 r/min.
It can be found that the sound pressure level spec-
trum is mainly composed of wideband noise and dis-
crete noise. The peak value of the sound pressure
level appears at the fundamental frequency (667 Hz)
and harmonics frequency (1333, 2002, 2665 Hz). The
sound pressure levels at the fundamental frequency and
harmonics frequency are about 10-20 dB higher than
those at other frequency bands, indicating that the flow
pulsation formed by the periodic mutual force between
the gear and the fluid is the key factor to induce the
flow-induced noise.

The total sound pressure level of the inlet region is
182-199 dB, while the total sound pressure level of the
outlet region is 195-212 dB. The total sound pressure
level of the outlet region is higher than that of the inlet
region, and the total sound pressure level of the import
and export monitoring points decreases with the gear
rotor area to the import and export sides.
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Fig. 9. Spectrum of sound pressure level in pump: a) imported spectrum curve; b) export spectrum curve.

Table 3 shows the summary of the total sound pres-
sure levels at the inlet and outlet of the high-speed
gear pump under different oil suction pressures. It can
be found that the total sound pressure level in the
internal fluid domain increases with the increase of
the rotational speed. The total sound pressure level
in the outlet area is much higher than that in the in-
let area, and the total sound pressure level in the inlet
and outlet area decreases with the increase of the oil
suction pressure. The main reason is that the increase
of the oil suction pressure can reduce the gas content of
the oil, improve the effective volume elastic modulus
of the oil, and reduce the compressibility of the oil, thus

Table 3. Total sound pressure level table of import and
export monitoring points under oil suction pressure.

Revolution | Suction | a2 total sound | c¢2 total sound
speed pressure pressure level pressure level
[r/min] [MPa| [dB] [dB]

0.1 191 200
3000 0.15 182 189
0.2 179 185
0.1 197 207
4000 0.15 189 195
0.2 187 187
0.1 205 217
5000 0.15 196 203
0.2 193 192

greatly inhibiting the occurrence of cavitation under
high-speed conditions. Comparing the change of the
total sound pressure level at the monitoring point a2
in the import area with that at the point ¢2 in the
export area, it can be found that for every 0.05 MPa
increase in the oil absorption pressure, the total sound
pressure level at the monitoring point a2 in the import
area decreases by 3-8 dB, while the total sound pres-
sure level at the monitoring point c¢2 in the export area
decreases by 10-14 dB, indicating that the noise reduc-
tion effect of increasing the oil absorption pressure in
the export area is better than that in the import area.

5. Experimental verification
5.1. Fxperimental system

Due to the complex generation mechanism of flow-
induced noise of a high-speed gear pump, it is often
difficult to convincingly study the results only by nu-
merical simulation. Therefore, to verify the accuracy
of the above acoustic simulation, this section carried
out the noise test experiment of the high-speed gear
pump. The noise test experiment of the high-speed
gear pump is carried out on the hydraulic system test
bench of the oil pump production workshop in Dong-
guan. The experimental system mainly includes a gear
pump operation system and a data acquisition sys-
tem. The gear pump operation system includes a gear
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pump, drive motor, pressure regulating valve, pipeline,
sound insulation cover, and oil tank. The data acquisi-
tion system collects various physical quantities in the
operation of a high-speed gear pump with the help of
an acquisition instrument and various sensors, includ-
ing a sound pressure sensor, turbine flowmeter, photo-
electric speed meter, pressure gauge, and thermometer.
The experimental system is shown in Fig. 10.

a)

Fig. 10. Experimental system diagram: a) system schematic
diagram (1 — tank; 2 — filter; 3 — gear pump; 4 — pressure
gauge; b — pressure regulating valve; 6 — flowmeter; 7 —
thermometer; 8 — heater; 9 —sound insulation cover; 10 —
motor; 11 — data acquisition system); b) physical figure.

The acquisition instrument used in this experiment
is the INV3062SC series 24-bit network distributed ac-
quisition instrument of the Beijing Oriental Institute of
Vibration and Noise. The sound pressure sensor adopts
the IEPE microphone preamplifier of the Beijing Ori-
ental Institute, which belongs to capacitive testing sen-
sors. The frequency response range is 16 Hz—100 kHz,
the measurement accuracy is +0.5 dB, the maximum
output voltage can reach 5.0 Vs, and the working
condition is —40 to 85°C. The dynamic measurement
of the sound pressure sensor can ensure that the total
distortion of the sound pressure level below 146 dB is
not more than 3%. In order to record the noise gener-
ated by the high-speed gear pump, the sampling fre-
quency of the experimental test is 8 kHz, and the sam-
pling time is 90 s. After the sampling is completed,

the time-frequency conversion window function of the
acoustic signal is set as the Hanning window.

5.2. Comparison between experimental results
and simulation

In this noise sampling, to prevent the noise signal
generated during the operation of the driving motor
from affecting the experimental results, the motor is
wrapped by sound absorption materials. The arrange-
ment of acoustic pressure sensors refers to the relevant
standards (TANG et al., 2014). The acoustic pressure
sensors are arranged according to the hemispherical
method and make appropriate adjustments according
to the actual situation of the site. Due to the small vol-
ume of the gear pump in this experiment, the length,
width, and height of the pump body are all less than
0.5 m, and the radius of the hemisphere should not be
less than twice the length of the experimental object
and not less than 1 m. Therefore, the sound pressure
sensor arranged at a radius of 1 m from the pump
source. In this experiment, three acoustic measuring
points were placed around the outlet of the radial sec-
tion of the gear pump and measured synchronously.
Each measuring point is 1 m away from the gear pump,
and the three measuring points are sandwiched by 40°.
The actual measurement point arrangement is shown
in Fig. 11.

Gear pump Acoustic shield

Fig. 11. Arrangement of sound pressure sensor
measurement points.

The fast Fourier transform (FFT) is performed on
the time domain information of the noise of the sam-
pled high-speed gear pump to obtain the sound pres-
sure level spectrum of the noise. Figure 12 is the com-
parison between the experimental values and the sim-
ulation values of three acoustic measuring points. Due
to the error of the practical test and the numerical
simulation itself, the experimental values are higher
and lower than the simulation values in each frequency
band, but the overall trend is the same. The discrete
noise of the practical and simulation values is pro-
nounced at the fundamental frequency and harmonics
frequency. The experimental values of the three acous-
tic measuring points are slightly larger than the simula-



P. Zhan et al. — Study on Mechanism and Suppression Method of Flow-Induced Noise. . . 57

a) _— shmulston
80

Sound pressure level [dB]

0 500 1000 1500 2000 2500 3000

Frequency [Hz]

b) —— experiment
— — simulation
80 ;
1
=)
= 70
©
>
2
9:-)x * ; ‘I”"wh A AR 1\
2 T AL e \'””)‘I‘ ' AL
2 TR LEH o L o o
2 50 [ Mh\ Ij ! ' |
a hl‘llqltm e g '
= "’N.I : ‘ !
3 40 \'
5]
30
0 500 1000 1500 2000 2500 3000

Frequency [Hz]

)
— — simulation
80

Sound pressure level [dB]

30
0

500 1000 1500 2000 2500 3000
Frequency [Hz]

Fig. 12. Spectrum comparison of sound pressure level:
a) measurement point 1; b) measurement point 2; ¢) mea-
surement point 3.

tion values in the range of 0-1000 Hz. The experimen-
tal values are in good agreement with the simulation
values at the second frequency (1000 Hz) and the third
frequency (1500 Hz). Since the influence of the me-
chanical noise of the pump, actual measured noise is
more than that of the simulated noise spectrum.

At 3000, 4000, and 5000 r/min measured experi-
mentally, the average sound pressure levels consider-
ing A-weighting are 87, 90, and 94 dB, respectively.
Table 4 compares the experimental and simulation
noise values at each measuring point noise character-
istic of 3000 r/min. According to the table, the noise
value measured by the experiment is slightly higher
than the simulation value because the noise measure-

ment of the high-speed gear pump cannot exclude me-
chanical noise interference. However, the maximum er-
ror of the noise value obtained by experiment and sim-
ulation is less than 7 dB at each frequency. The feasi-
bility of the algorithm used in this paper to simulate
the flow-induced noise of a high-speed gear pump is
demonstrated within an acceptable range.

Table 4. Experimental simulation comparison
of noise values at characteristic frequencies [dB].

Frequency [Hz| 500 | 1000 | 1500
Experiment 76 75 78
Simulation 69 76 75
Error 7 1 3
Experiment 79 79 79
Simulation 73 76 76

Measuring point 1

Measuring point 2

Error 6 3 3

Experiment 78 79 78

Measuring point 3 Simulation 72 75 74
Error 6 4 4

6. Simulation analysis of noise reduction
optimization

6.1. Structure design of oil replenishment tank

Under actual operating conditions, the high-speed
gear pump in this paper has a low oil suction pressure.
On the one hand, due to the centrifugal force, it is dif-
ficult for the oil to fill the grooves in time, resulting in
the accumulation of gas in the oil at the root of the
tooth, which severely reduces the volumetric efficiency
of the pump. On the other hand, it will cause cavi-
tation to become more intense. The precipitated gas
flows to the high-pressure area of the outlet and col-
lapses with the rotation of the gear, producing a loud
cavitation noise. As a result, Gianluca Marinaro pro-
posed a side plate structure that controls the reverse
flow to achieve a consistent reduction in the amplitude
of flow unevenness (ZHOU et al., 2018).

A scheme for opening an oil replenishment groove
near the inlet side of the floating side plate is proposed
in this paper. In time, the oil can be added to the tooth
groove. The inner diameter (d = 35.5 mm) and outer di-
ameter (D = 46.75 mm) of the oil replenishment groove
are designed as the diameter of the tooth root circle
and the diameter of the dividing circle, respectively, to
improve the filling effect of the oil. Figure 13 depicts
the structure of the floating side plate.

To find the best angle and depth of the oil replen-
ishment tank, the angle of the oil replenishment tank in
this simulation is interpolated once every 5° from 120°
to 250°, and the angle of the two teeth in the high-
pressure area is retained for oil sealing. The depth of
the oil replenishment tank is set as a group from 0.4 to
4 mm every 0.4 mm. To analyze the influence of oil re-
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Fig. 13. Structure of oil tank: 1) side plate; 2) oil filling
groove; 3) unloading groove.

plenishment tank structure on the flow-induced noise
of the high-speed gear pump, the outlet flow pulsa-
tion rate under each oil suction pressure is calculated

according:
_ (grnax _'anﬁn

Qavg; '

where ¢ is the flow pulsation rate; Qmax is the maxi-
mum value of instantaneous flow; @i, is the minimum
value of instantaneous flow; Qave is the average flow
value, L/min. Figure 14 depicts the variation curve of
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Fig. 14. Variation curve of flow pulsation rate — the rela-
tionship between flow pulsation rate and: a) the angle of
oil feeding tank; b) tank depth.

the gear pump’s outlet flow pulsation rate with the
angle and depth of the oil replenishment tank.

Through the analysis of Fig. 14a, it can be seen
that the fluctuation rate of the outlet flow of the high-
speed gear pump changes gently before 240°. At 240°,
the fluctuation rate of the outlet flow decreases sharply.
Therefore, in order to avoid the decrease of the volu-
metric efficiency caused by too large an angle in the
design of the oil replenishment tank, 240° is the best
choice. Figure 14b shows that the flow pulsation rate
at the outlet shows a decreasing trend before the oil
replenishment tank depth is 2.8 mm. When the tank
depth is greater than 2.8 mm, the flow pulsation rate
tends to be gentle. Considering the structural strength
problem caused by the deep oil tank, the selection of
the oil replenishment tank with 2.8 mm depth in the
design has the best effect on reducing the noise caused
by the flow pulsation.

6.2. Simulation comparison after optimization

The flow field calculation results with the oil re-
plenishment tank structure are loaded into acoustic
software to calculate flow-induced noise. After the cal-
culation, a section is set in the axial and radial direc-
tions of the original pump and the improved pump,
respectively, to show the change in the sound pres-
sure level of the external field before and after the
improvement. The sound radiation slice nephograms
before and after the improvement at the fundamental
frequency are selected, as shown in Fig. 15. Table 5
summarizes the total sound pressure level summary of
the external acoustic monitoring points after the mod-
ification.

a) b)

v
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Fig. 15. Acoustic radiation slice images at fundamental fre-
quency: a) original pump; b) improvement.

As demonstrated in Fig. 15, the sound pressure
level in the external field of the modified high-speed
gear pump is significantly lower than that of the origi-
nal pump. The statistics in Table 5 show that the high-
speed gear pump with the oil replenishment groove
construction has a lower external sound pressure level
than the original pump, and the total sound pressure
level is reduced by 4-5 dB. As a result, the cavitation
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Table 5. Comparison of total sound pressure level before
and after improvement of external measuring points [dB].

Revolution speed [r/min]| 3000 | 4000 | 5000
Measuring point 1 Original 88 91 94
Improvement 83 86 90
Measuring point 2 Original 87 9 94
Improvement 82 87 90
Measuring point 3 Original 89 o 95
Improvement 84 86 91

and flow pulsation levels in the pump can be lowered
by opening the oil replenishment groove on the float-
ing side plate near the gear side. As a result, the level
of flow-induced noise caused by oil flow is reduced.

7. Conclusions

In this research, the CFD method and the Lighthill

sound analogies theory are utilized to develop a calcu-
lation model of flow-induced noise of an external gear
pump that accurately reflects the internal flow noise
characteristics of the external gear pump. The findings
indicate:

1)

The experimental and simulation results show
that the spectrum curves of the external sound
pressure level of the high-speed gear pump mea-
sured in the experiment agree well with the simu-
lation, and the maximum error of the noise value
at the characteristic frequency is less than 7 dB,
confirming the accuracy of the numerical simula-
tion.

The flow-induced noise of the high-speed gear
pump is dominated by discrete noise at the fun-
damental frequency and its harmonics frequency.
The intensity of cavitation and flow-induced noise
in the internal fluid region decreases as oil suction
pressure increases, and the noise reduction effect
in the outlet zone is greater than that in the in-
let region. The main source of vibration is the oil
trapped zone. The overall sound pressure level of
flow-induced noise decreases with distance from
the oil trapped zone in the inlet and outflow re-
gions, and the sound pressure level in the outlet
region is higher than that in the inlet region.

The effect of minimizing the flow pulsation rate
at the output of the high-speed gear pump is op-
timal when the planned oil replenishment tank
angle is approximately 240° and the depth is
about 2.8 mm. The simulation shows that increas-
ing the size of the oil replenishment tank can sig-
nificantly reduce the intensity and range of cavita-
tion in the pump, improve oil absorption ability,
and reduce total sound pressure level in the ex-
ternal field by about 4-5 dB, achieving the flow-
induced noise suppression effect.
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