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Abstract: The high pressures in gasoline direct injection technology lead to structural damage in some hydraulic components,
especially annular damage on the contact area of the valve ball and on the valve seat of the spherical unloading valve in the
high-pressure pump. In previous study, the authors have analyzed the damage on the unloading valve and demonstrated that it is
caused neither by static damage nor fatigue damage and have put forward the hypothesis of fretting wear. This paper is based on
the establishment of the statically indeterminate structure of the unloading valve. The micro friction parameters (stress, friction
coefficient, etc.) required for the numerical iterative calculation of fretting wear are calculated. In addition, based on the grid
adaptive technology and a modified Archard wear model, the fretting wear is calculated quantitatively and is in good agreement
with experimental results. Based on that verification, the wear laws of the valve ball and valve seat under the same hardness,
different contact angles, and different assembly stresses, are analyzed in detail, and reasoned suggestions for the structural

design and assembly design of the ball valve are given.
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1 Introduction

Compared with the traditional intake port injec-
tion gasoline engine, gasoline direct injection (GDI)
technology can reduce fuel cost by 15% and hydrocar-
bon emission by 30%. Therefore, GDI technology has
strong advantages in saving energy consumption and
reducing exhaust pollution. High-pressure direct injec-
tion technology is one of the directions of development
for direct injection vehicles (Zhao et al., 1999). The
high-pressure fuel pump is the key to the whole high-
pressure fuel supply system. The spherical unloading
valve, which will open and release high-pressure fuel
when the fuel pressure in the high-pressure side of the
system is too high, works as the safety valve in the
high-pressure direct injection fuel supply system for

b4 Meng-ru LI, limengru@tongji.edu.cn
Liang LU, https://orcid.org/0000-0002-9403-330X
Meng-ru LI, https://orcid.org/0000-0002-8592-6130

Received Dec. 31, 2021; Revision accepted Mar. 3, 2022;
Crosschecked Mar. 22, 2022; Online first Apr. 20, 2022

© Zhejiang University Press 2022

automobiles. The spherical unloading valve plays a
key role in building and maintaining the fuel pressure
of the high-pressure fuel supply system. Responding
to market demand for high-pressure direct injection
systems, the fuel pressure of the high-pressure side of
the spherical unloading valve is increased. Conse-
quently, the maximum pressure of the low-pressure
side is increased, which causes annular damage on the
contact area of the valve ball and the valve seat. The
damage causes a premature opening of the spherical
valve when the fuel pressure of the high-pressure side
is below 35 MPa. Thus, the pressure of the fuel supply
system cannot be built and maintained effectively.
The system cannot meet the requirements for normal
work in respect either of security or of service life.
Facing the problems of noise, fuel injection and
structural strength caused by high pressure, scholars
in relevant industries have made targeted analysis
and research. Borg et al. (2012) proposed a current-
shaping technique and a pulse-skipping control strat-
egy to reduce noise by up to 5 dB in the low-frequency
and mid-frequency range and an injector suspension
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method to reduce noise in the high-frequency range
of the gasoline direct injection system. Sharma et al.
(2019) investigated the combustion, noise, and vibra-
tion characteristics of three oxygenated test fuels
(M10, M20, and G100). The results showed that gaso-
hol generates lesser vibration and noise, which makes
them suitable for use as oxygenated fuels and for par-
tial replacement of conventional petroleum-based fossil
fuels such as gasoline. Liu et al. (2021) built a test
platform for ethanol port injection plus gasoline direct
injection to explore the effects on the combustion and
emissions of a spark ignition (SI) engine. Results
clearly show that when the total fuel contains more
ethanol, the ignition timing corresponding to the max-
imum torque is smaller than the ignition timing when
the total fuel contains more gasoline. Qian et al. (2019)
investigated the effects of combustion system parame-
ters on the scavenging process and proposed an opti-
mum structural shape for the combustion chamber. At
present, however, there are few targeted studies on the
structural damage of the various components in the
high-pressure oil supply system. In this paper, the
structural damage of the high-pressure pump unload-
ing valve is analyzed. According to preliminary analy-
sis, it is considered that the damage is caused by fret-
ting wear (Lu et al., 2019).

Friction problems of hydraulic fluid control com-
ponents have always been an important research
topic. Scholars have done much research on hydraulic
pumps, hydraulic slide valves, and other components.
Yin et al. (2017) developed a numerical model for pre-
dicting the removal rate of corrosive material and the
profile evolution of wear in hydraulic spool valves
and discussed the main influencing factors, including
grain size, differential pressure, reel opening, and flow
direction. Their model was validated by comparison
with laboratory experiments and field cases. The
design and optimization of the key friction pairs are
always key and difficult problems in research on the
axial piston pump. Xu et al. (2012, 2013) established a
simulation model based on oil film lubrication theory,
analyzed the dynamic characteristics and pressure dis-
tribution of radial fretting, and discussed the relation-
ship between radial fretting and bearing capacity,
lubrication conditions, and wear. For the high wear
rate and rapid loss of the surface modification layer of
the piston/cylinder pair in axial piston pumps, Zhang
et al. (2021) built a wear degradation model to obtain
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the variation in wear of the piston/cylinder pair with
the operating time. The wear contour at the lowest wear
rate was derived to guide the design of a pre-machined
surface contour. In addition, additive manufacturing
not only provides a new way to manufacture the prod-
ucts with complex internal channels, but also indicates
a design revolution for existing products with regular
internal channels that are currently limited by conven-
tional fabrication methods (Zhang et al., 2020). For
the poor fabricating quality caused by residual stress
on the large overhang region when using one type of
metal additive manufacturing technology—selective
laser melting (SLM), Zhou et al. (2020) developed a
new friction factor model to calculate pressure loss in
a SLM fabricated channels. The friction loss of the
laser powder bed fusion (L-PBF) fabricated fluid
channels is greatly affected by the fabrication quality
but remains unknown. Zhou et al. (2021) developed a
comprehensive model to predict friction factors of the
L-PBF fabricated fluid channels and proposed design
guidelines of fluid channels by considering both fabri-
cation quality and friction factors.

Most of the early research on fretting wear was at
the level of qualitative understanding. However, since
the 1990s, quantitative experimental and simulation
research on fretting wear has increased. Goryacheva
et al. (2001) developed the analysis technology for
the purely contact based wear problem and proposed
an analysis method to simulate the fretting wear under
the condition of partial sliding in 2D sliding. In this
model, the Archard equation was applied to evaluate
the wear in one cycle and the distance change in the
sliding region. Then an iterative program was used to
calculate the change of contact characteristics with the
increase of wear cycles. To solve this kind of problem
Johansson (1994) proposed a finite element method
combined with the Archard equation to evaluate the
changes of contact geometry and related contact pres-
sure. Oqvist (2001) proposed a numerical simulation
study of the slight wear between the cylindrical steel
roll and the steel plate in the reciprocating contact fit,
obtained the simulation results of the wear profile, and
established a good correlation between the numerical
prediction and the experimentally measured wear
profile over approximately one million cycles. Experi-
ments on fretting wear are very costly, time-consuming,
and laborious. The idea of finite element simulation
provides a new approach of low cost and easily



316 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(4):314-328

controlled parameter variables and boundary condi-
tions for the study of fretting wear. The finite element
method can provide corresponding research methods
for different research objects. In recent years, many
scholars have carried out wear research in the fields
of car body, car wheel, and bionics (Jia et al., 2020;
Sun and Xu, 2020; Tao et al., 2021). In this paper, the
finite element simulation software ABAQUS is used
to study the fretting wear of the unloading valve, to
seek the optimal parameters for the improvement of
the anti-wear structure, and to provide a new solution
to the structural problems caused by the high pressure
of the automobile oil supply system.

This paper is organized as follows. First, the stat-
ically indeterminate structure of the unloading valve
is analyzed to acquire the essential parameters that
would be needed in simulation. Because previous
research has proved that the damage of the unloading
valve is neither caused by static damage nor fatigue
damage but by fretting wear (Lu et al., 2019), experi-
ments to obtain the fretting wear characteristics of the
unloading valve are conducted. To quantitatively cal-
culate the wear amount of fretting wear by simula-
tion, a modified Archard model is used together with
the adaptive grid technology. A set of comparison
results between simulation and experiment verify the
rationality of the simulation modeling. Finally, the
influence of the contact angle and the assembly stress
is discussed in detail to study the law of fretting wear
of the unloading valve.

2 Model and experiment

2.1 Principle of the unloading valve

This paper concerns the spherical unloading valve
in the high-pressure pump of a direct injection vehi-
cle. The working principle of the high-pressure pump
is shown in Fig. 1. With the rotation of the cam, the
piston rod of the oil cylinder moves downward, and
the flow control valve controls the switch to the one-
way valve to suck oil from the low-pressure end. With
the upward movement of the piston rod, the oil cylin-
der supplies oil to the high-pressure end. The spheri-
cal unloading valve is an important part of the high-
pressure pump of a direct injection vehicle. As a safety
valve, the unloading valve plays a role in building and
maintaining the pressure. When the pressure at the
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Fig. 1 Working principle of the high-pressure pump
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high-pressure end is too high, it can release the oil,
thus ensuring the normal operation of the whole high-
pressure pump.

Fig. 2 shows the structure and force state of the
valve, where f represents the friction between valve
ball and valve seat, N represents the normal pressure
between valve ball and valve seat, and F represents the
equivalent force of pressure p,. The valve is stressed
with an alternating pressure p, of 0 to 45 MPa from
the left side and a constant pressure of p, from the
right side. The valve is also initially stressed with a
preload of the spring from the left side. When the
pressure difference exceeds the preload of the spring,
the spherical valve opens and high-pressure oil from
the right-side flows to the left side to unload. Table 1
shows the structural parameters of the valve and oil
pressure parameters. The contact area of the valve ball
and valve seat is under an equivalent pressure of 5 to
50 MPa.

F

Valve ball

Valve seat
Fig. 2 Force state of the unloading valve (Lu et al., 2019)

Table 1 Parameters of structure and oil pressure

Parameter Value
Valve ball radius, » (mm) 0.794
Half contact angle, 6 (°) 27.5
Alternating oil pressure, p, (MPa) 0-45
Constant oil pressure, p, (MPa) 35
Spring preload, F, (N) 63




2.2 Experiment design

According to the above hydraulic principle and
force state of the unloading valve, experiments were
designed to study the fretting wear characteristics of
the unloading valve. The contact area between the
valve ball and the valve seat receives an alternating
pressure of 5-50 MPa, which can be equivalent to a
loading force of 6.90-78.75 N. To provide a high fre-
quency alternating force, a piezoelectric ceramic was
used as the key component of the experiment device.
For the loading scheme of piezoelectric ceramics, the
following factors need to be considered in the design
process:

(a) The unloading valve needs to be fixed during
the experiment.

(b) It is necessary to accurately locate and fix the
relative position of piezoelectric ceramics and the
unloading valve, so as to ensure the accuracy of rigid
deformation on the force loading of the unloading
valve.

(c) A micro pressure sensor needs to be added
between the piezoelectric ceramic and the unloading
valve in order to monitor the force state of the valve
ball.

(d) The frequency demand of amplifier and data
collector is very high, and needs to reach more than
20 times the loading frequency.

To simulate the oil immersion condition of the
unloading valve, a transverse flow channel is set up in
the lower part of the experimental device. Gasoline-
like medium T16 is selected as the test medium, which
can simulate the properties of gasoline well and has
good aging and corrosion resistance. In addition, the
test medium has good stability and is not as flamma-
ble and explosive as gasoline, so it can ensure the
safety of the experiment.

The final experimental device composition is
shown in Fig. 3. The piezoelectric ceramics is con-
nected with the flange plate and the upper base
through the shell thread. The flange part is also fixed
with the upper base through the four hollowed out
strips. The connecting rod No. 1, the force sensor, and
the connecting rod No. 2 are connected in turn to form
a “sandwich” structure, and the tested ball valve is
fixed through the groove on the lower base. The high
frequency alternating load generated by the piezoelec-
tric ceramics can be transmitted to the valve ball
through the “sandwich” structure. In view of the heat
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Fig. 3 Final

experiment device composition. 1:
piezoelectric ceramics; 2: flange plate; 3: connecting
rod No. 1; 4: pressure sensor; 5: connecting rod No. 2;
6: tested unloading valve; 7-9: bases

dissipation problem of the driving power supply of
the piezoelectric ceramics under the action of high fre-
quency for a long time, it is necessary to design a heat
dissipation channel in the power supply part, and the
external ventilation and heat dissipation are carried
out by an air compressor. The finally designed system
is shown in Fig. 4.

2.3 Measurement of wear width

To compare the experimental data with the later
simulation results, it is necessary to measure the wear
width of the valve ball and valve seat after the fretting
test. The measurement tool is a Leica optical micro-
scope, which can directly measure and read the mea-
surement results with an accuracy of 0.1 um. The
valve ball and valve seat need to be measured differ-
ently due to their different geometries. As for the
valve seat, it can be directly installed on the fixture
vertically in the axial direction. The observing direc-
tion of the microscope is also along the axial direction
of the valve seat. Since the wear band is located on the
sealing slope of the valve seat, it is necessary to con-
vert the measurement data obtained from that direc-
tion. Let the width of the wear band obtained be s,
and the actual wear band width s can be obtained by
s=s'/sinf. As for the valve ball, adding it to the fixture
cannot 100% ensure that the wear band is facing the
observing direction. Therefore, for the measurement
of the wear width of the valve ball, it is necessary to
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take the average of multiple measurement results to
eliminate human error. Fig. 5 shows the schematic
diagram of seat and ball wear width measurements.

Driving power
supply

Load driver module

Experimental device |
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| Data Data

|| processor || collector

| I
I

(b)
Fig. 4 Sketch of the experiment system (a); photo of the
experiment system (b)

Wi

Fig. 5 Schematic diagram of seat and ball wear width
measurements

3 Simulation methodology

3.1 Theoretical analysis of the statically undeter-
mined structure

According to the structure and force state of the
valve, the valve ball and the valve seat are initially in
line contact. To facilitate the analysis of the contact
force, the structure of the valve is divided into m
equal divisions as shown in Fig. 6. The force state of
each micro-element is shown in Fig. 7, where AF, AN,
and Af respectively represent the equivalent pressure,
the normal pressure, and the friction of the micro-
element. The force state can be described by

dF=dN sinf+ df cosé. )

Line contact

Valve ball

\

Valve seat

Fig. 6 Micro-division of the structure (Lu et al., 2019)

A

AF
AN

Valve ball

Valve seat
Af

Fig. 7 Force state of each micro-element (Lu et al., 2019)

The normal pressure dV and friction df cannot be
directly solved by Eq. (1) alone since the force state is
statically indeterminate. Therefore, more equations
are needed as supplementary conditions. The equiva-
lent friction coefficient x4 between two contact surfaces
under static friction can be described as



n=kpAx, )

where k;, represents a constant value of the material;
Ax represents the micro-slip distance under static fric-
tion. The relationship between the normal pressure and
friction acting on the micro-element can be described
as follows:

df=udN. 3)

Fig. 8 shows the micro-slip model of the valve
ball under the preload of the spring, where r, repre-
sents the distance between the ball center and valve
seat after the micro-slip happens; a represents the half-
width of contact between the valve ball and valve
seat. Two equations can be concluded from the model
as follows:

a=\/r-ri, 4)
r—r,
=tan 6. 5
A an 5)
Final position

Initial position

Fig. 8 Micro-slip model of the micro-element

The half-width of contact can be solved by Hertz
contact theory (Johnson, 1985). Fig. 9 shows the theo-
retical model given by Hertz contact theory for the
distribution of contact stress on the contact area of two
cylinders. The two cylindrical surfaces are in close
contact due to the normal pressure P. In this way, the
contact area changes from line contact to surface con-
tact. The shape of the contact stress distribution of the
contact area is an ellipse. o,

max

represents the maximum
contact pressure. The half-length of the major axis of
the ellipse is the half-width of contact a. The distribu-
tion of the contact stress can be described as follows:

px)=p, |1- % (6)
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Fig. 9 Hertz contact stress model

where p, represents the maximum contact stress; x
represents the distance between a point on the contact
surface and the initial contact point. The half-width of
contact and the maximum contact stress can be
described as follows:

1 1
a:(4P;:)2:(4d]\ir)2, R
nE nE
1 1
PE*\> [dNE®\?
po_(nr)_( o )’ ®)

where P represents the line pressure on two cylinders
(N/mm), which can be seen as the normal pressure on
the micro-element; E" represents the equivalent elastic
modulus, which can be described as

-1
. [1=vi  1-v]
E —( E + £, ) ©)

where E, and E, represent the elastic moduli of two
materials, and v, and v, represent Poisson’s ratios of
the two materials, respectively. G represents the rela-
tive curvature, which can be described as

1 1 1 1)\
G_((;]+G2 _(+OO) =7, (10)

7

where G, and G, respectively represent the relative
radius of curvature of two cylinders. If one of the cyl-
inders is changed into a flat, it can be regarded as a
cylinder with infinite radius of curvature.
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Egs. (1)—-(10) are taken into consideration and all
the known parameters are substituted in the above
equations and give these results: the equivalent fric-
tion coefficient ©=0.0887; the micro-slip distance Ax=
0.355 pm; the half-width of contact a=17.15 um; the
maximum contact stress p,=1220 MPa.

3.2 Archard’s wear model

According to the Archard equation, the wear vol-
ume of the material is directly proportional to the slip
distance and positive pressure, but inversely propor-
tional to the hardness of the material. The Archard
equation for sliding wear is normally expressed as
(Archard, 1953):

V P
< =K45 (an

where V' is the wear volume, S is the sliding distance,
H is the hardness of the material, and K is the wear
coefficient.

After its proposal in the 1950s, the Archard equa-
tion was immediately applied to the experimental study
of fretting wear. At the same time, it was also applied
to analytical and finite element simulation calcula-
tions. Fouvry (2001) proposed a simplified model
based on the Archard equation using the Archard
factor and the corresponding partial Archard factor
density, in which the local Archard factor density
describes the distribution of the Archard factor on the
contact surface and is directly proportional to the wear
depth. McColl et al. (2004) simulated and analyzed
the conventional fretting wear device in a cylindrical
plane based on the Archard wear model. They pre-
dicted the change of fretting contact surface profile
with the number of cycles and studied in detail the
influence of fretting wear on fretting fatigue.

In the finite element simulation, it is necessary to
control the node coordinates of the contact surface
and a wear model suitable for fretting wear is needed.
However, Archard’s wear model was proposed based
on macro wear, so it needs to be modified to be suit-
able for finite element simulation. In the finite ele-
ment method, the macro object is divided into finite
elements, which are composed of nodes, and then the
macro object is simulated and analyzed by the finite
element method. Each node represents a local loca-
tion. If the applicability of the two wear models is

extended from the macro object to the local position,
the local node coordinates can be controlled scientifi-
cally, so as to characterize the wear of materials and
realize the quantitative simulation of fretting wear.
In finite element simulation analysis, differentiat-
ing both sides of the Archard equation, we can obtain:
dr X dpP

45 K (12)

To simulate the change of contact surface profile
with wear times, it is necessary to obtain the wear
depth di at each position, and set di(x) as the wear
depth at node position x. For a very small contact sur-
face d4, it is assumed that when the relative sliding
distance of the contact surface is dS, the wear depth
of this part is d4. Dividing the left and right sides of
the equation by dA at the same time:

{14 dpP
dSd4 " HdA’ (13)
where dV/dA=dh is the local wear depth, and dP/d4 is
the local contact compressive stress p(x) at position x.
Eq. (13) can be expressed as

dh(x)
ds(x)

=kp(x), (14)

where ds(x) is the relative sliding distance at position
x, and k, is the wear coefficient, k=K/H. By transform-
ing Eq. (14), the expression of wear depth at position
x can be obtained:
dh(x) =k p(x)ds(x). (15)
Eq. (15) is the expression of wear depth when a
relative sliding distance ds(x) occurs at position x. In
the finite element simulation calculation, the action
process of a cyclic load can be divided into » incre-
ments, and in any incremental step i, the contact
stress p(x) at position x remains unchanged, and the
relative slip is As(x), where As(x)=s(x)-s(x).,, and
s(x), and s(x),, are the corresponding sliding distances
at the 7th and (i—1)th incremental steps, respectively.
The wear depth at position x in incremental step i can
be expressed as



h(x),=kp(x) As(x). (16)

During a complete cyclic load, the wear depth at
position x is the sum of the wear depth of all incre-
mental steps, and can be expressed as

h(x) = Skp(x) As(x) . (17)

where n represents the total incremental steps.
3.3 Numerical calculation method of cyclic loading
3.3.1 Numerical iterative acceleration method

If one step of a finite element simulation calcula-
tion only represents the action of one cycle load, the
finite element analysis will include thousands of load
steps, which will be very time-consuming. In fretting
wear, the amount of wear produced by one fretting
cycle is very small, and cannot cause significant
changes in the contour of the contact surface, so it
will not affect the contact stress and other parameters
calculated by simulation. Therefore, it is not neces-
sary to update the geometry after each cyclic load in
the simulation. It can be assumed that after AN times
of cyclic load, the contact surface profile changes sig-
nificantly. At this time, the geometric morphology of
the wear surface needs to be updated, so that the con-
tact stress and relative slip distance after the change
of the contact surface profile can be obtained, and pro-
vide more accurate data for wear calculation. There-
fore, it can be represented by a load step of finite ele-
ment simulation calculation AQ times of cyclic load,
so as to accelerate the calculation and greatly reduce
the analysis and calculation time without affecting
the calculation accuracy. When the number of acceler-
ations is AQ, the wear depth at position x can be
expressed as

h(X)[=AQﬁk1p(x)iAS(X)[- (18)

3.3.2 Mesh node updating method

The difficulty of fretting wear simulation is that
the contact surface profile changes with the wear
process, and leads to a change of contact stress in the
contact area, resulting in the real-time change of
wear. In this paper, the UMESHMOTION subroutine
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suitable for finite element mesh generation is written
in FORTRAN. The function of the subroutine is to
obtain the contact stress and relative slip distance, cal-
culate the wear depth according to the modified
Archard equation, and update the nodes of the wear
surface of the model after wear. Node updating is real-
ized by adjusting the mesh element of the finite ele-
ment, which itself will not produce stress and strain.
Because of this characteristic, it can be used to simu-
late fretting wear. The movement of mesh nodes is
likely to lead to a huge deformation of the element. In
particular, the updated surface of the node may be dis-
torted and unable to continue the calculation, so it
also needs the function of automatic mesh adjustment
to cooperate, that is, the Arbitrary Lagrangian-Eulerian
(ALE) technology in ABAQUS, as shown in Fig. 10.
This function can make the transition between mesh
nodes smooth, so that the mesh can always maintain a
more appropriate shape and ensure the convergence
of calculation.

52>
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Fig. 10 ALE adaptive meshing technology

3.3.3 Numerical model

According to Eq. (8), at the end of each step, the
UMESHMOTION subroutine realizes the calculation
of damage depth and the update of the grid. There-
fore, the flow chart of fretting wear numerical simula-
tion is shown in Fig. 11, and the specific steps are as
follows:

1. Determining the initial parameters of the finite
element model.

2. Establishing the geometric model in ABAQUS
software and generating the INP file. This file contains
all the information of the finite element model and
can be directly called upon by the solver for analysis.

3. Calling the modified Archard equation for
calculation.

4. Solving the INP file in ABAQUS to extract
the contact stress and relative sliding distance at each
node in the contact area.
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Initial parameters

» Material properties

» Boundary conditions

» Coefficient of friction (u)

» Maximum sliding
distance (S,.y)

« Geometry

* Load

« Wear coefficient (k)

« Sliding distance (S)

« Incremental sliding distance (As)

Solve the contact problem using finite element
method to obtain the contact pressure for the
incremental sliding distance (As)

Y

Obtain the nodal wear depth increments using
the Archard’s wear law, Ah; = kpAs

Use extrapolation technique to
extrapolate the wear after one
cycle to Q cycles,
Ah.,=QAh;

Update the geometry using the
UMESHMOTION+ALE technique

¥ S=S,.,

End simulation if the maximum sliding distance
(Smay) is reached

Fig. 11 Wear simulation procedure flowchart

5. At the end of each incremental step, the
UMESHMOTION subroutine is called upon to calcu-
late the wear depth Ah and wear volume AV of each
node according to the modified Archard wear model.
Then, the node is updated according to the wear
depth, and the coordinate at node i is h=h~Ah.

6. After the node is updated, a new surface pro-
file and a new INP file are generated.

7. Counting the number of fretting cycles and
judging whether the total number of cycles is reached.
If it is not reached, the judgment result is YES, repeat-
ing steps 4—7. The fretting wear continues and the wear
amount continues to accumulate; if the total number
of cycles is judged to have been reached, the judg-
ment result is NO, and the simulation calculation of
fretting wear is completed.

3.4 Fretting wear model of the unloading valve

3.4.1 Two-dimensional simplification of computational
domain

The aim of this study is the unloading valve in
a high-pressure pump, which has circumferential

symmetry in structure and the stress conditions on
any section are the same. Considering that the original
ball structure and more complex valve seat structure
are not conducive to grid division and refinement, a
2D spherical/plane contact structure is adopted for
simulation. The established simulation structure is
shown in Fig. 12. The valve seat and valve ball are
equivalent to a 2D plane structure. This simplification
has the following advantages: (1) Compared with the
original structure, it is conducive to refining the mesh
of the contact area; (2) Compared with 3D model and
slice model, the number of meshes is less, which
improves the simulation speed; (3) The boundary con-
ditions suitable for fretting simulation can be added to
the model; (4) The 2D grid structure is more condu-
cive to the updating of the grid and can improve the
accuracy of calculation.

r=0.794 mm

0.40 mm

2.00 mm

Fig. 12 Simplification simulation structure of the unloading
valve

3.4.2 Meshing of computational domain

In the simulation structure of this paper, the valve
ball and valve seat adopt CPE4 grid of neutral axis
algorithm, in which the valve ball contains 1598 ele-
ments and 1670 nodes, and the valve seat contains
1520 elements and 1590 nodes. As shown in Fig. 13a,
in order to prevent the fluctuation of contact pressure,
the grid elements in the contact area between the valve
ball and the valve seat correspond one to one. To accu-
rately simulate the parameter changes in this area
(such as relative slip amplitude, contact stress, and
stress distribution on the sub surface), the grid in this
area is finely divided (Fig. 13b), with a size of about
10 um. Considering that the non-contact part does not
play a key role, this saves calculation time; the grid is
sparsely divided, and the size is about 100 pm.



(b)

Fig. 13 The 2D simulation model of the unloading valve (a);
mesh refinement of contact area (b)

Checking the meshing quality, it is found that
large or small element angles (minimum angle 45°,
maximum angle 135°) appear on a few elements above
the valve ball contact area (Fig. 14). However, these
elements are not the key parts of simulation and the
coverage area is also very small, so their impact can
be ignored. The average minimum element angle is
75.21°, and the average maximum element angle is

Fig. 14 Deviation of the grid angle
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104.78°, then the average aspect ratio is 1.92. There
are no elements with too large an aspect ratio and no
intersecting elements and zero volume. Generally
speaking, the quality of mesh generation is satisfactory
and can meet computational requirements.

3.4.3 Setting of boundary condition

The calculation model of fretting wear of a valve
ball is established in ABAQUS, and the material
parameters of the model are shown in Table 2. Fixed
constraints at the bottom of the valve seat and point
edge coupling constraints on the upper surface of the
valve ball are added to ensure that the valve ball is
always level during loading. A periodic normal load p
is applied on the upper surface of the valve ball, and a
periodic tangential displacement load s is applied on
the centre line, so that the two specimens are in close
contact and slide relatively, resulting in fretting wear
(Fig. 15).

Table 2 Material properties

Item Elastic modulus (MPa)  Poisson’s ratio
Valve ball 2.00%10° 0.30
Valve seat 2.13x10° 0.29

P
A A A

Fig. 15 Boundary conditions of the model

Fretting wear occurs in the contact area between
the two surfaces of the valve ball and valve seat. The
lower surface of the valve ball is set as the main sur-
face, and the upper surface of the valve seat is set as
the slave surface. In this way, ABAQUS can quickly
and accurately calculate the contact parameters (rela-
tive slip distance, contact stress, and shear friction) of
the contact area. The tangential behavior is set to the
isotropic Coulomb friction law calculated by a penalty
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function, and the friction coefficient adopts the previ-
ously calculated value 0.0887. The normal behavior is
set to the hard contact constrained by the standard
penalty function. The contact algorithm adopts the
finite slip algorithm, and the tangential constraint
algorithm is set as in the Lagrange multiplier method.
In this way, the relative sliding distance and contact
stress obtained will be more accurate.

The two extreme values of valve ball periodic
force (5 and 35 MPa) are taken as the boundary condi-
tions of positive pressure and micro slip values, and
the positive pressure and micro slip values are added
to the simulation load conditions in the form of a peri-
odic alternating cycle. The number of accelerations in
the acceleration calculation method AN is set as 1000.
Limited by the simulation time, all simulation cases
are set as 450 steps. The data of positive pressure and
micro-slip distance are shown in Table 3. The two
loads are in an alternating state to simulate the respec-
tive radial and tangential fretting forms of the valve
ball, and thus simulate its fretting wear.

Table 3 Loading conditions at different contact angles

Half of contact Positive Micro-slip
angle (°) pressure (N) distance (mm)
20.0 22.0-167.0 7.35%107°-5.47x10
27.5 16.8-145.6 4.05%x107°-3.55x10™
44.0 11.3-108.4 1.86x107°-1.75x10™*

3.5 Verification of wear model

The experimental and simulation results of the
wear width of the valve ball under different half con-
tact angles with the hardness of the ball and of the
seat as HV700 are shown in Fig. 16.

Each of the experiments was conducted for 25 h
at 500 Hz frequency, so 25x60x60x500=4.5x10’
cycles were performed for each experimental case.
The number of accelerations in the acceleration cal-
culation method AN was set as 10000 and all simula-
tion cases were set as 4500 steps, so 10000x4500=
4.5x107 cycles were performed for each simulation
case. The simulation and experiment have the same
cycle times. Therefore, if the simulation results are
in good agreement with the experimental results, the
accuracy and reasonableness of the simulation have
been demonstrated.

It can be seen from Fig. 16 that both the experi-
ment and simulation show a decreasing trend of wear

Half contact angle Error
20.0° -4.15%
27.5° 3.60%
44.0° -8.96%
40 [ Experiments
| |:| Simulations
Wear width: 32.8 ym
sr 328 31.440
[ M — Wear width: 26.9 ym
30
| 26.975%° 2]
g_ 25 Wear width: 21.4 ym
c 214
T 20k —719.483
; -
I}
o 15F
= L
10
5 -
0
20.0° 27.5° 44.0°

Half contact angle (°)

Fig. 16 Comparison between experiment results and
simulation results of wear width under different half
contact angles. Valve ball material: 9Cr18Mo; valve seat
material: 9Cr18MoV; valve ball hardness: HV700; valve
seat hardness: HV700

width as the half contact angle increases. Further-
more, errors between the simulation and experimental
results under different half contact angles are all less
than +10°. Considering those experimental and mea-
surement errors, it can be assumed that the simulation
calculates the fretting wear of the unloading valve well.

4 Fretting wear characteristics of the unloading
valve

4.1 Wear width and depth of different half contact
angles

Based on the verified wear model, it is not diffi-
cult to find that the wear width of the valve ball
decreases as the half contact angle increases. There-
fore, it could be speculated that perhaps both the wear
width and the wear depth of the valve ball will decrease
with the increase in half contact angle. To test this
conjecture, simulation cases of five different half con-
tact angles were conducted under the condition of
hardness of HV700 for both ball and seat. Because
much time is taken if each simulation case is con-
ducted with the same number of cycles as the experi-
mental case the number of accelerations, AQ, was set
as 1000 and the number of steps was set as 4500. The



number of cycles of the simulation is one tenth of that
of the experiment. The simulation results are shown
in Figs. 17 and 18.

1.25
Wear depth profile (um)

——+&—— Half contact angle: 5.0°
- -G - Half contact angle: 12.5°

- A - Half contact angle: 20.0°
— - <> - — Half contact angle: 27.5°
-+ & - - Half contact angle: 44.0°,

el . A
-2 -10 -8 -6 -4 -2 0 2 4
Horizontal distance (um)
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Fig. 17 Wear depth profile variation with different half
contact angles (valve ball material: 9Cr18Mo; valve seat
material: 9Cr18MoV; valve ball hardness: HV700; valve
seat hardness: HV700) (a); valve ball wear profile (2000-h
experiment) (b)
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Fig. 18 Wear width and depth variation with different half
contact angles

It can be seen from Fig. 17 that the wear profile
of the valve ball is roughly U-shaped. The wear widths
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on both sides of the highest point of the U-shape are
different because the stress states on both sides of the
contact point between the valve ball and the valve
seat are different, which is consistent with the wear
profile of the valve ball in the experimental result.

Fig. 18 shows the variation of the wear width
and depth with different half contact angles. As pre-
dicted before, both the wear width and depth decrease
with the increase in the half contact angle. This result
may be explained by the fact that the wear width is
directly proportional to the contact radius between the
valve ball and the valve seat, and so the larger the
contact area, the larger the wear area. According to
Hertz contact theory, the contact radius is directly pro-
portional to the positive pressure and inversely pro-
portional to the contact length. In the process of grad-
ually increasing the contact half angle, the positive
pressure between the valve ball and the valve seat
increases and the contact length also increases. How-
ever, the ratio of the positive pressure and the contact
length decreases, so the contact radius decreases with
the increase of the contact half angle, and the wear
width, which is proportional to the contact radius,
also shows the same trend. Therefore, it can be con-
cluded that the wear width and depth of the valve ball
will decrease with the increase of the half contact
angle of valve ball and valve seat.

4.2 Wear width and depth of different valve ball
radii

It can be seen from Table 4 that the increase of
valve ball radius will lead to the decrease of positive
pressure and micro-slip distance. This leads us to con-
sider how the change of valve ball radius will affect
the positive pressure, micro slip distance, and fretting
wear of the valve ball. Therefore, according to the
same method as in Section 3.1, the radius of the valve
ball is changed and the statically indeterminate struc-
ture of the ball valve is solved correspondingly, with
the half contact angle of valve ball fixed as 27.5° and
the hardness of valve ball and valve seat set as HV700.
The results are shown in Table 4. The increase of
valve ball radius also leads to the increase of positive
pressure and the decrease of micro-slip distance.
Hence, it cannot directly be inferred from the trend of
positive pressure and micro-slip distance that that is
how the change of valve ball radius will influence the
fretting wear of the valve ball. So simulations are
needed to confirm the results.
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Table 4 Loading conditions at different contact angles

Valve ball Positive Micro slip

radius (mm) pressure (N) distance (mm)
0.644 16.7-141.5 5.04x107°-4.27x10*
0.794 16.8-145.6 4.10x107°-3.56x10*
1.094 16.9-151.1 2.99x107°-2.68x10*
1.244 16.9-153.0 2.64x107°-2.39x10™"
1.394 16.9-154.6 2.36x107°-2.15x10™

In the same way as shown in Section 4.1, the
number of accelerations AQ was set as 1000 and the
number of steps was set as 4500. The simulation
results are shown in Fig. 19.
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Fig. 19 Wear width and depth variation with different
valve ball radii

Although the positive pressure and micro-slip dis-
tance show different variation trends compared to the
half contact angle situation, the wear width and depth
show the same trend. This may be explained by the
fact that the product of positive pressure and micro-
slip distance keeps increasing, although the latter is
decreasing. Therefore, it can be concluded that the
wear width and depth of the valve ball will decrease
with the increase of the valve ball radius.

4.3 Parameter optimization selection

After determining the influence characteristics of
radius and half contact angle, it is essential to select
the optimal parameters in combination with the actual
working conditions of the unloading valve.

Currently the contact half angle of the spherical
unloading valve in use is 27.5°. According to the influ-
ence characteristics of the contact half angle summa-
rized above, this is not the optimal angle to reduce
wear. The diameter of the oil pipe of the valve seat is
1.25 mm and the radius of the valve ball is 0.794 mm.
From the engineering perspective, priority should be
given to meeting its oil passage area. Therefore, accord-
ing to its structural parameters, as shown in Fig. 20,
the maximum possible half contact angle is 6, which
can be calculated by

As shown in Fig. 19, both the wear width and 0 —arccos(0'625 ) 380 (19)
depth decrease as the valve ball radius increases. e 0.794 '
6riasc /
//k \\\\ £
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Fig. 20 Boundary half contact angle analysis



From the analysis of the fit space between the
valve seat and the high-pressure pump body, the mini-
mum half contact angle is 6, when the maximum
margin v is about 5 mm. 6, can be calculated by

0.,:,= arctan =1.94°. (20)

min

( 0.794 -0.625 )

So the range of the half contact angle is 1.94° to
38°. As for the valve ball radius, the value range of
0.704 to 1.963 mm can be calculated in a similar way
as the half contact angle. According to the discussion
in Sections 4.1 and 4.2, the wear width and depth
decrease monotonically with the increase of half con-
tact angle and valve ball radius. Therefore, the max-
imum values of contact half angle of 38° and ball
radius of 1.963 mm can be considered as a better
choice for optimizing the unloading valve parameters.

5 Conclusions

Increasingly high pressures in gasoline direct
injection technology lead to structural damage in
spherical unloading valves. In previous studies, the
authors have analyzed the stress characteristics of the
unloading valve for addressing this problem and have
pointed out that it is caused by fretting wear. Taking
that as the premise, this essay describes the design and
realization of experiments on fretting wear. Further-
more, theoretical analysis of the statically undeter-
mined structure was made to acquire the boundary
conditions of simulations. Based on the modified
Archard wear equation, a quantitative calculation
model for the unloading valve was established. The
following conclusions can be obtained:

1. For 4.5%10 cycles fretting wear of the unload-
ing valve, the simulation results are in good agree-
ment with the experiment results. Therefore, the accu-
racy and rationality of the model can be proved.

2. For 4.5x10° cycles fretting wear of the unload-
ing valve under the same hardness of valve ball and
valve seat, the simulation results show that the profile
of the valve ball is asymmetrically U-shaped. Besides,
both the wear width and the wear depth of the valve
ball decrease with the increase of the half contact angle.

3. For 4.5%10° cycles fretting wear of the unload-
ing valve under identical hardness of valve ball and
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valve seat, the simulation results show that both
the wear width and the wear depth of the valve ball
decrease with the increase of the valve ball radius.

Considering the actual application, the half con-
tact angle and valve ball radius have a certain value
range. After determining that the value range of the
half contact angle is 1.94° to 38° and the value range
of valve ball radius is 0.704 to 1.963 mm, according
to the law that the wear depth and width decrease
with the increase of half contact angle and valve ball
radius, suggestions for the optimal selection of unload-
ing valve parameters are made, that is, the valve ball
radius should be 1.963 mm and the contact half angle
should be 38°.
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