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Abstract

The oil pump is an important part of vehicle engine, whose noise and vibra-
tion characteristics affect the engine performance significantly. The noises
generated by both the pressure and flow fluctuations are the main contribu-
tors to the oil pump noise. In this paper, noise analysis of an external gear
pump is carried out by using the computational fluid dynamics (CFD) me-
thod and The Lighthill’s acoustic analogy (LAA) algorithm. The fluid pres-
sure and velocity distributions of the flowfield are firstly calculated by using a
CFD model. The noises generated by flowfield are simulated and their sound
pressure spectra are obtained by using an LAA-based finite element model.
By analyzing the phenomenon of oil trapping, the optimum design of un-
loading groove is put forward, and then the simulation analysis is carried out.
According to the finite element model, the noise level of gear pump is re-
duced and the effect of noise reduction is achieved. The technique presented
in this paper can be regarded as a useful tool for optimization design of gear
pumps in vehicle engineering.
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1. Introduction

It is well known in the vehicle engineering that there is a continuous demand for

the component manufacturers to reduce noise and vibration levels of their
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products, due to the reason of vehicle ride comfort [1]. The external gear pump
is a simple and robust device that can work at a wide range of pressure and rota-
tional speeds. These features make them widely accepted as lubrication pumps in
machine tools, oil pumps in engines or in fluid power transfer units in the aero-
space, power generation, agricultural and automotive industries. However, the
main drawbacks of the external gear pump are related to high noise and vibra-
tion levels [2] [3]. Generally, the external gear pumps are often accompanied
with noise levels that are higher than other types of pumps.

In a gear pump, the meshing of gears is used to pump fluid. There are two
main sources of vibration and noise, sharing the same fundamental frequencies
[4]. One is the periodic variation of the pressure distribution on the gears, due to
the fluid flows from the low to the high pressure chamber. The other is the peri-
odic variation of gear meshing force [5] [6]. It has been found that the fluid-borne
noises are the main contributors to the noise level of an external gear pump,
which needs further research in engineering.

In this present work, the noise of a variable displacement external gear pump
used in vehicle engine is studied. The CFD model is used to estimate the pres-
sure and velocity distributions around the gears. The LAA is used to simulate the
fluid-borne noises. The noise distributions and characteristics under some typi-
cal operating conditions of the pump are obtained. The work conducted in this
paper is instructive to engineers for fluid-sound analysis and design of the gear
pump structures.

2. Structure of a Variable Displacement External Gear Pump

The gear pump studied in this paper is a variable displacement gear pump,
which is an electrical controlled self-adjustable pump with advantages of more
accurate in control, more efficient in operation and high fuel economy of the
engine. This pump can accomplish the transformation between low and high
pressures by an electromagnetic valve that controlled by the engine electronic
control unit (ECU).

The structure exploded view of the sample gearpump is shown in Figure 1.

Oil pump body

Gears  Regulating piston

Figure 1. An exploded view of a variable displacement external gear pump.
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3. Noise Calculation
3.1. CFD Modeling and Calculation in Flow Field

Physical model of the gear pump is established in CAD software. A
three-dimensional flow field model of the pump can be obtained through the
Boolean calculations such as union, intersection, and subtraction. The meshing
of flow field model is completed in the Pump Linx software [7]. The automatic
mesh generator based on geometry conformal adaptive binary-tree algorithm is
applied.

The finite volume method with collocated grids is used to solve the 3-D tran-
sient viscous fluid mechanics equation in this paper. The SIMPLEC method (8],
which has been proved suitable for low speed fluids, is adopted in the CFD cal-
culation. The accurate dynamic mesh method is utilized to treat the pump
movement. The moving and static flow channels are modeled respectively. Dur-
ing calculations, the moving flow channel can process the grids’ movement and
deformation automatically. In each time step, the moving and static fields will be
automatically linked in a new position through the fully implicit gliding inter-
face technology. The gear position in the variable displacement pump at differ-

ent rotational speeds can be determined by Equation (1).
B=q/(AZm2n) (1)

where B is the meshing length of the gears, g is the fluidflow, Zis the gear teeth
number, m is the gear module, n is the rotational speed and A is a correction
factor equals to 5.3 in this paper 14 . Using Equation (1), one may easily calcu-
late that the gear pump is at the state of half-meshing at 3000 rpm and 5000 rpm.

3.2. Lighthill’s Acoustic Analogy Method

In this paper, the FE model is established based on the LAA algorithm and the
Curle’s theory under the following assumptions: 1) the body source in the FE re-
gion is from the volume integral of Curle’s equation; 2) the boundary conditions
are from the surface integral of Curle’s equation and 3) other boundary condi-
tion is from green function of free field.

The LAA equations [9] can be written as:

azpa _az azpa — 527:-]- (2)
o " oxdx, oxox,

7;,- :pvivj_{—é‘{f((p_po)_ag (p_po))_fij (3)

where p, = p—p, isthesound pressure, p and p are the local density and
pressure of the fluid in a flow field; p, and p, are the reference density and
pressure, respectively, and g, is the sound speed. 7, is the viscous stress ten-
sor, v, and v, are the flow field component in the /and j directions, respec-
tively.

Defining p, = —ia)(p/ a; the corresponding acoustic analogy frequency equa-

tion is defined by:
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After finite element integration of the LAA equation [10] [11] and rearrange-

ment, one can obtain a discrete weak solution in the form of finite-element vari-

(1] [a P 5p, %_a(ap d ))dxdydz =S (5)

Ox, Ox,

ational,

where the source S on the right includes both the body and surface sound
sources. The sound sources can be directly solved from the current numerical
model as follows. As mentioned above, after the scalar function ¢ is defined,

the corresponding finite element weak form infrequency is:

2
_J..U pwaz PSpdxdydz — mpi%o@dxdydz =5, +5p (6)
Q oo a Po ;

i

The body sound source is:

m d — dxdydz (7)

p,0 ax ox,

The surface sound source, on the boundary of computational domain, is:
1 -
s =—[[—F(Z,)dr (%) (8)
r pO

The sound source item in the time domain can be provided by the CFD veloc-
ity field. After Fourier transform, the sound source term in frequency domain
T,(X,w)~ pv,v; is obtained, thereby the sound source. After the FE discrete
equation is solved in frequency domain, the LAA analysis of a sound field is fi-
nished.

3.3. Noise Calculation and Validation

Considering the requirements in acoustical computation, there should be at least
6 elements within the shortest wavelength of the sound [12]. The tetrahedral
solid elements are selected in this paper. To analyze the radiation characteristics,
a sound propagation region is added when calculating the sound propagation of
the sound source. A layer of infinite element in outer most border is set as a
boundary condition of the sounds without reflections. The half of the established
FE model of the gear pump is shown in Figure 2.

The grid of the gear pump meshing area is created at the position of adden-
dum circle. The fluid area grid of the pump is also set up (Figure 3). Two im-
portant components: the Lighthill surface and volume are setup in the Actran
software. In Actran, the flow field information can be transformed into sound
source information by the ICFD module. Performing the ICFD in the Actran,
the flow field information previously calculated by the Pump Linx software, such
as the pressure, velocity and density of the fluid, is interpolated into the Lighthill
surface and volume and set as the acoustical excitation sources. The FE calculated
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Infinite element boundary

Oil pump body

Sound propagation

Figure 2. The established finite element model of the gear pump.

Lighthill Volume

At
e

Lighthill Surface

Figure 3. The grid of the acoustic source: Lighthill volume and Lighthill surface.

results calculated in the Actran are in time domain. Using the Fourier transform,
the excitation sources can be transferred into the frequency domain. The fre-
quency responses can be directly obtained by setting a frequency range from 20
to 4000 Hz in the Actran.

The A-weighted sound pressure level (SPL) calculated by the Actran at low
pressure 1.8 bar, 1000 rpm and 3000 rpm, and high pressure 3.3 bar, 5000 rpm,
are shown in Figure 4.

When the shaft rotational speed of the gear pump is at a low level, the pulsa-
tions of pressure and flow caused by the shaft rotation are not obvious, and the
peak values of the harmonics are small. The harmonic phenomena are mainly
caused by gear meshing. As shown in Figure 4, the first four primary harmonics
of 3000 rpm appeared sequentially at 80 Hz, 170 Hz, 500 Hzand 1000 Hz.

As the rotational speed increases, the pressure and flow pulsation induced by
the rotating shaft increases. At the speed of 5000 rpm, except for the primary
harmonics, many secondary harmonics appear at 50, 100, and 150 Hz, etc. When
the rotational speed reaches 5000 rpm, at the scale from 250 Hz to 800 Hz and
1500 Hz to 2500 Hz, there are a lot more harmonics in Figure 4 than at 3000
rpm. When the rotational speed reaches 5000 rpm, the secondary harmonics are

mainly caused by the rotating shaft, which is shown in Figure 4.
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Figure 4. Simulated results of the A-weighted sound pressure levels at 3000 rpm (1.8 bar) and 5000 rpm (3.3 bar).

4. Optimization of Unloading Groove
4.1. Design of Unloading Groove

To design the unloading groove of gear pump, it is necessary to ensure that, at
any time, there must be a meshing point in the sealing belt between the two un-
loading grooves. Because only in this way, it will not lead to gear pump suction
cavity. The following two conditions must be satisfied:

1) Two the sealing belt between the unloading grooves should cover the whole
single tooth meshing area.

2) The distance between the two unloading grooves shall not be less than the
projection of the length of the normal pitch of a gear on the meshing line on the
normal direction of the connecting line of the two gears. That is the distance
between the two unloading grooves.

On the below figure, the solid line is the center line of the two gears, and the
dashed line is the limit position of the unloading groove. The specific position of
the unloading groove is shown in Figure 5.

The effective method to reduce the pressure fluctuation in the oil trapped area
is to open the unloading groove. Based on the existing unloading groove of the
pump, combined with its working principle, the method is put forward to open
the unloading groove at the moving unit of the driven shaft (side of the upper
end of the piston). When the rotational speed of the pump increases, the driven
shaft drives the driven gear downward, the meshing width of the gear decreases,
and the pressure fluctuation of the oil trapped area increases.

The shape of unloading groove in this paper is trapezoidal groove (Groove 1),
trapezoidal groove and diversion groove (Groove 2), as shown in Figure 6. As
the moving unit moves down, the unloading space of the unloading tank gradu-
ally increases, which can better reduce the pressure fluctuation of the oil trapped

area at high pump speed.
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Original Groovel Groove2

Figure 6. The shape of unloading groove.

4.2. Noise Calculation and Validation

Figure 7 is the simulation SPL curve of the original pump, unloading groove
pump and unloading groove and diversion groove pump under the rotational
speed reaches 3000 rpm. As can be seen from the graph, in addition to individu-
al frequencies, the SPL of the unloading groove pump and unloading groove and
diversion groove pump is lower than that of the original pump. This indicates
that the two schemes can effectively reduce noise.

Overall, the sound pressure level of unloading groove and diversion groove
pump is better than that of unloading groove pump. When the frequency is be-
tween 0 Hz and 1500 Hz, the sound pressure level of unloading groove and di-
version groove pump is lower than that of unloading groove pump. When the
frequency is between 1500 Hz and 2500 Hz, the sound pressure level of unload-
ing groove pump is lower than that of unloading groove and diversion groove
pump. Finally, when the frequency is between 2500 Hz and 4000 Hz, the sound
pressure level of unloading groove and diversion groove pump is lower than that
of unloading groove pump.

Figure 8 is the simulation SPL curve of t three types of pumps under the rota-
tional speed reaches 5000 rpm.

The sound pressure level of the unloading groove pump and unloading groove
and diversion groove pump at 5000 rpm is not as good as that at 3000 rpm.
However, in most frequency bands, the noise level of the unloading groove
pump and unloading groove and diversion groove pump is lower than that of

the original pump. Obviously, the sound pressure level of the unloading groove
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Figure 7. Sound pressure spectra: simulation results of original pump, unloading groove pump and unloading groove and

diversion groove pump at 3000 rpm.
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Figure 8. Sound pressure spectra: simulation results of original pump, unloading groove pump and unloading groove and

diversion groove pump at 5000 rpm.

pump almost below the whole frequency band is lower than that of the original
pump except 3400 Hz to 4000 Hz band.

5. Conclusion

A model for noise analysis of a variable displacement external gear pump is es-
tablished. A FE combined numerical model for fluid noise simulation of the gear
pump is established based on the Lighthill acoustic analogy algorithm. The
sound energy distributions of the gear pump are obtained by frequency response
analysis in the Actran. The newly established model can be used to estimate the
noise characteristics of variable displacement external gear pumps. Engineers can

do simulating analysis for existing products or products in development using
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this method in order to verify whether the noise level of products meets the re-
levant standards.

The result of simulation analysis shows that the two newly designed unloading
grooves have the effect of reducing the fluid noise of gear pump obviously. The
noise reduction effect of unloading groove is better than that of original and un-
loading groove and diversion groove, when the rotational speed is 3000 rpm and
5000 rpm. Therefore, unloading groove is selected as the noise reduction
scheme. Furthermore, by changing the structure of the oil pump model, one can
reduce the noise level and shorten the product development expenses and time
as well. This is instructive and meaningful for fluid noise calculations in engi-

neering.
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