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Abstract

With the rapid development of material science and manufacturing capabilities, hydraulic technology is increasingly high-
pressure, lightweight and miniaturizing. Micro plunger pump is widely used in the field of deep-sea hydraulic equipment
and advanced intelligent hydraulic equipment, owing to its high-power density, high output pressure and many other
advantages. Its broad application aims to examine the inlet and outlet distribution valve spring parameters change on the
micro high-pressure plunger pump volumetric efficiency, by changing the inlet and outlet distribution valve. This paper is
based on the simulation of AMESim engineering software to derive multiple sets of data. It compared and analysed the
specific effect of different spring stiffness and opening pressure on the volumetric efficiency of the micro high-pressure
plunger pump which was then verified through experiment. Results of this study have certain reference significance for
the design of the spring of the inlet and outlet distribution valve of the micro high-pressure plunger pump, which facili-
tates the optimization and improvement of the dynamic performance of the micro high-pressure plunger pump.
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Figure 1. Micro high-pressure plunger pump model.

the internal structure of micro high-pressure plunger
pump. This study is primarily aims to improve the volu-
metric efficiency of the micro high-pressure plunger
pump. Interestingly, this type of plunger pump drives
the swashplate axial to rotate through the motor, thus
driving three groups of plungers to cooperate with the
cylinder block to complete the suction and discharge oil
action over and over again. The pump has fewer parts,
the relative slipping speed of the plunger and thrust
plate is small, the thrust cylindrical roller bearing can
carry the axial load exerted by the plunger and it is eas-
ily subjected to high pressure. The arrangement of the
plunger and the suction and discharge valves are com-
pact, with high volumetric efficiency and small size, it
can smoothly yield output high-pressure oil with conti-
nuity and efficiency, thus, it is widely used in intelligent
hydraulic equipment such as navigation, aerospace and
manned submersible and underwater military
equipment.*?

As one of the current topics of hydraulic technology
research, the research and development of micro high-
pressure plunger pumps is of extremely important sig-
nificance to the advancement and development of
China’s hydraulic technology. In recent years, some
scholars have focussed on the following aspects of
micro plunger pumps: the sealing and cavitation char-
acteristics of micro ultra-high-pressure single plunger
pump and an aviation plunger pump were investigated.
The research shows that adjusting the valve opening of
the reasonable distribution valves can help to reduce
the cavitation and noise, while low-temperature fluids
can cause serious cavitation phenomenon®’; Conduct
simulation research on the plunger pump to obtain
flow field characteristics such as valve cavity pressure
distribution, low-speed pulsation characteristics, and
instantaneous flow rate inside the plunger pump, and
optimize its structural parameters®®; Respectively, the
high-speed aviation piston pump, micro high-speed
axial plunger pump kinetic characteristics of the

research and analysis of the internal structural charac-
teristics of the plunger pump parameter changes and
the impact of different working conditions on the per-
formance of the plunger pump’!'; Research on the
self-priming performance of micro plunger pumps,
the study showed that the self-priming performance of
micro plunger pumps was affected by a variety of
forces, and the degree of effects was different in differ-
ent cases.'? It can be seen that relevant research is car-
ried out on the performance of the micro piston pump
itself to improve its own efficiency, but the current
research for the micro plunger pump distribution valves
has not been involved.

Micro plunger pumps in the check valve flow pro-
cess, the spring stiffness, opening pressure, the shape of
the valve and other factors will have a certain impact
on the check valve opening and closing speed, sealing
performance, the resulting impact on the dynamic per-
formance of the micro high-pressure plunger pump
should not be ignored. At present, some scholars for
the distribution valves research mainly focus on the
dynamic characteristics of the ball valve, spring stiff-
ness coefficient of the check valve closing speed, closing
time impact simulation study; Spring stiffness coeffi-
cient and the poppet to achieve the maximum displace-
ment, the equilibrium position displacement and reach
the equilibrium position of the relationship between the
time used in the simulation study'*'® Analyse the
influence of check valve reset spring stiffness on system
characteristics and its relationship with the law of
motion in practical systems such as piston pumps,
hydraulic excavators, and reciprocating compres-
sors.'” ! These actual working conditions are closely
related to the spring stiffness and opening pressure,
and at present, for the distribution valve micro high-
pressure plunger pumps, the inlet and outlet distribu-
tion valves spring stiffness and the opening pressure of
the change of the impact on the volumetric efficiency
of the micro-pump carried out by the study is still a
blank field. Hence, it is of great significance for the
design and development of the micro-high pressure pis-
ton pump to conduct research on the valve and analyse
the impact of its spring stiffness and opening pressure
on its efficiency. This research will also have a signifi-
cant influence on advanced hydraulic equipment used
in fields like aviation, aerospace, navigation, and deep-
sea diving.?%%!

This research analyses the theoretical calculation of
the distribution valve motion process of the valve flow
micro high-pressure plunger pumps, and simulates the
distribution valve micro high-pressure plunger pump
system based on AMESim engineering software. It car-
ries out the simulation research for the spring stiffness
of the inlet and outlet flow check valves and the open-
ing pressure at different rotational speeds and loads.
Then, it analyses the effects of the spring stiffness of
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the inlet and outlet flow check valves and the opening
pressure on the volumetric efficiency of the micro high-
pressure plunger pump. Finally, the results are vali-
dated with experiments.

Parameterization of flow-distributing
check valves

In this paper, the study of the inlet and outlet flow-
distributing check valve, the key components of the
plunger pump, its inlet and outlet check valve main
structure and parameters are the same. As shown in
Figures 2 and 3, the hydraulic flow direction along the
arrow direction, high-pressure fluid acting in the ball
valve poppet, with the poppet at the other end of the
spring force comparison, when the fluid pressure is
greater than the spring force, the valve opens, high-
pressure fluid through. Table 1 shows the main struc-
tural parameters of the flow distribution valve.

Mathematical model

Mathematical model of suction valve

For this micro high-pressure plunger pump, the calculation
of the oil inlet volume for one cycle of the inlet distribution
valve is as shown in Figure 4, the change in plunger displa-
cement causes a change in pressure difference before
and after the distribution valve, which opens the valve and
generates instantaneous oil flow.

As shown in Figure 1, the micro high-pressure plun-
ger pump is a swashplate three-plunger pump. Figure 5
illustrates its plunger displacement curve. From the
known parameters, taking one of the three plungers as
the object of study, the instantaneous displacement X
(7) of its reciprocating motion can be defined by the
following equation;

x(t) = —Rtanvycosf (1)

Formula: R indicates the radius of rotation of the plun-
ger; Y'indicates the inclination of the swashplate, which
is 7°; 6 is the phase angle of a single plunger rotation.

The pressure difference at the valve port of the distri-
bution valve is the pressure difference between the plun-
ger cavity and the hydraulic oil tank. When the plunger
sucks in oil, a negative pressure is generated in its cav-
ity. Additionally, the pre-pressure of the oil tank makes
a difference with it to obtain the pressure difference Ap,
at the suction valve port, which is the difference in pres-
sure at the valve port:

Ap = p1 —p2 (2)

Formula: p; indicates suction pressure, the simulated
p1 = 0.02 MPa; p, indicates the real-time pressure in the
plunger cavity.

sealings

poppet
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Figure 3. Main structural parameters.

The micro plunger pump suction valve is a ball
valve, its main structure and parameters are shown in
Figure 2 and Table 1.

Among them, the suction valve port flow area A4 is
calculated, and A is defined by the following equation:

Ay = mx19(dy + x19cosa)sinacosa (3)

Formula: dy, is the diameter of the steel ball of the ball
valve poppet; xio is the opening of the suction valve
port; « as shown in Figure 3, for the poppet movement
instantaneous centre of the ball and seat inclined verti-
cal line with the centre line between the angles.

The rotational speed of the micro-pump is high and
the poppet action frequency is fast. Therefore, considering
both the steady-state hydrodynamic force and transient
hydrodynamic force applied to the poppet is necessary.
The dynamic equations of the poppet are as follows:

Apl’ﬂd2 dz)ﬂo
4 dr 4)

— Ki(x10 + x00) — Fwio — Fao = m
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Table |. Main structural parameters of the distribution valve.

Number Item Symbol Parameter Unit
Valve characteristic parameters (BAP23)

| Poppet type ball valves

2 Valve distribution diameter d 4.0 mm
3 Ball diameter d, 5.0 mm
4 Poppet displacement limit Xrmax 1.6 mm
5 Suction and discharge valve reset spring stiffness Ky, Ky 24 N/mm
6 Suction and discharge valve opening pressure fifa 0.09 N

7 Seat semi-cone angle B 1.03 rad
Plunger characteristic parameters (BAF02)

| Quantity — 3

2 Diameter of plunger dy 4.0 mm
3 Diameter of plunger d. 0.008 mm
Pipeline characteristic parameters (HLOOOI)

| Diameter dg 6.0 mm
2 Wall thickness 4 35 mm
3 Young’s modulus for material E 1.53 % 10° bar

Plunger
displacement

X Valve pressure AP Val ] X
difference alve opening

Instantaneous Qo Oil
flow absorptionV

Figure 4. Theoretical calculation block diagram of inlet flow distribution valve.

Formula: d indicates the inlet oil diameter; Fyq is the
suction valve steady-state hydraulic force, defined by
equation (5); Fwn»o is the transient hydrodynamic force
of the suction valve, defined by equation (6); K; is
the spring stiffness of the suction valve; xq is the pre-
compression of the suction valve spring; m is the mass
of the poppet of the suction valve;

FWIO = Cwd sin ZBApxlo (5)
sz() = LCW\/ 2pApU (6)

Formula: L indicates the length of the valve cavity; C is
the flow coefficient; B is seat semi-cone angle; W is the
circumference of the throttle side of the valve port,
W = md; v is the velocity of valve movement, for
v = dx;/dt.

The flow continuity equation for the suction valve

port is:
2A
0 = Cadoy[=F (7)

Formula: Q is the instantaneous flow rate of suction
valve; C, is the flow coefficient of the valve port,
generally 0.77-0.82, here C; = 0.8; A, is the flow area
of suction valve distribution; p is the density of oil.
Substituting the structural parameters of the suction
valve, the comprehensive analysis shows that the

—— Plunger 1
25 - —— Plunger 2
—— Plunger 3

x/mm

20 I 1
0.00 0.01 0.02 0.03 0.04 0.05

/s

Figure 5. Plunger displacement curve.

relationship between the pressure difference between the
two ends of the ball valve. Moreover, the comprehensive
equations (1)~(8) shows that the actual oil suction volume
of a single plunger of this micro plunger pump is:

Vo = (1 *”L 0 (8)

Formula: A is the leakage coefficient; when Vo~V
the most adequate oil suction, the corresponding spring
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Figure 6. W, corresponding to different spring stiffnesses.

stiffness should be the theoretical optimal spring stiff-
ness by calculating the oil suction ratio W, defined by
the following formula:

”
Wy = 70 X 100% (9)

The trend of the oil suction ratio W, corresponding
to different spring stiffnesses and different opening
pressures can be derived as shown below:

As shown in Figure 6, at the rated speed of
5000 rpm, the theoretical oil intake ratio W is approxi-
mately equal to 100% when the spring stiffness is less
than 14 N/mm; However, when the spring stiffness is
too small on the one hand, it will lead to a longer
response time when sucking the oil, which seriously
affects the actual amount of oil suction. By contrast,
the suction pulsation of the suction check valve at this
time is high. Consequently, the actual amount of suc-
tion is small and will lead to a series of systemic prob-
lems, such as pulsation and noise. In addition, when
the spring stiffness is 20 N/mm, the oil suction ratio W,
is reduced to 65.78%. Although the spring stiffness is
larger to overcome the problems of long response time
and oil suction pulsation, the oil suction is seriously
insufficient due to the small opening of the valve port.
Accordingly, the micro high-pressure plunger pump is
greatly affected. As shown in Figure 7, W, is roughly
100% when the opening pressure is less than 1.1 N, and
the oil suction ratio is nearly zero when the opening
pressure is roughly 1.4 N/mm. However, unlike spring
stiffness, the opening pressure has less effects on the
problems such as oil suction pulsation and response
time. Therefore, when the opening pressure is less than
1.1 N, the actual oil suction volume does not change
much with the decrease in the opening pressure f, The
oil suction volume is also nearly equal.

100%
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60%

40% |-

20%

0% L 1
0.6 0.8 1.0

iz

Figure 7. W, corresponding to different opening pressures.

In summary, when the spring stiffness is 14 N/mm
when the micro plunger pump oil suction most fully, its
corresponding spring stiffness should be optimal, and
the opening pressure is less than 1.1 N when its oil suc-
tion efficiency is higher.

Mathematical modelling of discharge valve

The micro high-pressure plunger pump suction valve
and discharge valve structure size and working princi-
ple are the same. Therefore, the pressure valve with the
suction valve analysis process similar to the valve port
opening calculation method is the same as the suction
valve. First of all, the discharge valve for the balance of
force analysis:

Apz’ﬂdz
4

dlel
dr
(10)

— Ky (x11 + x01) = Fwiy — Fwoy = m

Formula: Ap, is the differential pressure at the distribu-
tion of the discharge valve; x; is the valve opening of
the discharge valve; x, is the spring pre-compression of
the discharge valve; K, is the spring stiffness of the dis-
charge valve; Fywi; is the steady state hydrodynamic
force of the discharge valve; Fyy» is the transient hydro-
dynamic force of the discharge valve.

The flow continuity equation for the discharge valve

is:
2A
O1 = Cydyy| ppz

Formula: Q, is the instantaneous flow rate of the
discharge valve; C,; is the valve port flow coefficient,
generally 0.77-0.82, here C, = 0.8; 4, is the area of the

(11)
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discharge valve port flow through the valve; p for the
oil density.

Given that the pressure is higher when the oil is
pressed, that is, Ap, is higher, the steady-state hydrody-
namic force, the transient hydrodynamic force and the
spring pressure are all smaller. Accordingly, the dis-
charge valve discharge flow rate Q; is nearly unaffected
by the stiffness of the spring and the amount of pre-
compression of the discharge valve within a certain
range.

Simulation study of the micro plunger
pump

This study builds the AMESim simulation model,
according to the micro plunger pump test bench and
simulates the single plunger motion model. Firstly, the
components needed to build a single plunger mainly
include piecewise linear hydraulic pressure source (PS00),
signal function of inputs x and y (FXY0), constant speed
prime mover (PM000), rotary load (MECRLOA), angu-
lar displacement sensor (MECADSIA), mass with fric-
tion and endstops (MECMAS21) and other components
in Signal library, Hydraulic library, Mechanical library
and HCD library. The detailed calculations of variable
capacity chamber, rotation phase angle and so on are
substituted. Then, the signal library binary solution
function is used to convert the rotation phase angle of
the single plunger and inclination angle of the swash
plate into the translational displacement of the plunger
to realize the reciprocating motion of the plunger.
Equation (1) shows the function equation embedded in
the signal function of inputs x and y (FXYO0). Equation
(12) presents the instantaneous flow rate of a single
plunger. By integrating a single plunger model, a plunger
pump hydraulic system including three plungers is
established. Equation (13) shows the flow equation of
the micro high-pressure plunger pump. Figure 8 shows
the successfully established AMESim hydraulic model of
the micro high-pressure plunger pump.

(12)

Formula: Q; is the instantaneous flow rate of a single
plunger; 6; is the phase angle of rotation of the I-th
plunger.

When the plunger travel is maximum o = 0°,
plunger 1 corresponds to the angle 6; = 6,, plunger 2
corresponds to the angle 6, + 120°, and plunger 3
corresponds to the angle 63 = 6y + 240°.

T cos(6 — I)
= _dZR t 2z
0 g f fotany 2sinZ

0 = %dszw tan vy sin 6;

(13)

Formula: Q. is the instantaneous flow of the micro
high-pressure plunger pump.

Numerical analysis uses 46 # hydraulic oil. Its den-
sity is 870 kg/m?, viscosity is 45.61 mm?/s, its modulus
of elasticity is 1.7Pa X 10°Pa, its temperature is 40 °C
and its gas content is 0.1%. Table 1 sets the other simu-
lation model parameters. The operation of the micro-
high-pressure plunger pump involves complex and vari-
able conditions due to the fluid movement, mechanical
pairs, and motor control effects. These conditions
include the plunger pump’s unsteady state at low rota-
tional speeds and uncertainties in oil film lubrication
among friction pairs. To address these challenges, the
AMESim simulation makes the following assumptions:

(1) The focus is on the valve of the micro-high-
pressure plunger pump, with gravity having
minimal impact in practical scenarios and is
thus disregarded.

(2) The input to the piston pump is consistent, with
stable speed and torque of the input shaft.

(3) The viscosity of the medium used remains con-
stant throughout the process.

The actual application of the plunger pump in the
actual application of its rated speed r = 5000 rpm, load
pressure Py = 40 MPa, and the design of the theoretical
displacement is 0.138 ml/r. Simulation analysis is car-
ried out at different speeds and loads for the two para-
meters of reset spring stiffness K;/K, and valve opening
pressure fi/f> for the suction and discharge valves,
respectively, to analyse the effects of spring stiffness
and opening pressure on the volumetric efficiency of
the micro high-pressure plunger pump.

Simulation analysis of suction valve

Effect of spring stiffness K; of suction valve on volumetric
efficiency. The spring stiffness K; of the suction valve
directly affects the suction pulsation and response time
of the suction valve itself, which in turn affects the suc-
tion efficiency of the micro high-pressure plunger
pump. Ultimately, it has an effect on the volumetric
efficiency of the entire pump, thus necessitating
comprehensive analysis. First of all, the impact of the
suction valve spring stiffness K; on the volumetric effi-
ciency is analysed, and the opening pressure of the suc-
tion valve and the relevant parameters of the pressure
valve are set in accordance with Table 1. The intake
valve spring stiffness is separately set as K, = 2.4, 10,
12, 14, 16, 18, 20 N/mm. When the » = 5000 rpm and
Py =40MPa, The outlet flow rate Q is obtained as
shown in Figure 9.

At 5000 rpm, according to theoretical calculations
when the spring stiffness of 14 N/mm micro-pump oil
suction is the most adequate, the corresponding spring
stiffness should be optimal. As shown in Figure 9, the
spring stiffness values are 14 and 12 N/mm when the
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Figure 8. Simulation model of micro high-pressure plunger pump.
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Figure 9. Different corresponding micro pump flow rate of K,
at 5000 rpm and 40 MPa.

outlet flow is larger and the outlet flow rates of Q are
0.5031/min and 0.5021/min. The spring stiffness is

2.4N/mm because its stiffness is too small. The sub-
stantial fluctuations in oil absorption and delayed
response time greatly impact the effective oil intake,
leading to inadequate oil absorption. Additionally, the
outlet flow Q is only 0.464 1/min. Meanwhile, the spring
stiffness reaches 20 N/mm, because its stiffness is too
large. This finding results in the suction valve opening
to also be small, and thus result in insufficient suction,
which corresponds to the outlet flow is only 0.4341/
min. In summary, the simulation shows that when the
rotation speed is 5000 rpm, the micro pump with a
spring stiffness of 14 N/mm has the highest volumetric
efficiency.

When the rotational speed is large, the response
speed of the suction valve directly affects the suction
efficiency of the micro-pump. Therefore, the higher the
rotational speed, the greater the optimal spring stiffness
of the corresponding suction valve. Under the condi-
tion of high rotational speed, the impact of the spring
stiffness of the suction valve on the volumetric
efficiency of the micro pump should not be neglected.
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micro pump at different K; corresponding to rated working
condition g;.

We set Py = 40 MPa, conduct simulation calculations
for different spring stiffness K; when r changes in the
range of 1000-5000 rpm, and obtain the volumetric effi-
ciency of the plunger pump as shown in Figure 10.

The volumetric efficiency of the micro-pump
decreases as the speed rises. At r = 5000rpm,
K; = 14 N/mm has the highest volumetric efficiency of
72.86%, whereas K; =24 and 20N/mm have
insufficient oil suction owing to the large oil suction
pulsation, long response time, and small opening of the
valve port, corresponding to volumetric efficiencies of
67.26% and 62.86%, respectively. As shown in Figure
11, K; =24N/mm when the micro-pump suction
pulsation rate is 181%, spring stiffness K; increasing to
20 N/mm in the process of suction pulsation rate gra-
dually reduces to 89.9%. Suction pulsation rate has
decreased significantly. In r = 4000 rpm, considering its

—a— |0MPa

20MPa
—a—30MPa
—v— 40MPa

80% [

76%

=

72%

68% -

64% -

0 2 4 6 8 10 12 14 16 18 20 22
K,/(N/mm)

Figure 12. Micro pump volumetric efficiency at different K, for
variable load conditions.

longer suction time than 5000 rpm, the valve opening is
slightly smaller, suction pulsation persistently ensure
the full suction. Thus, within a certain range of its volu-
metric efficiency approximately equal to the spring
stiffness K; can be obtained in the range of 10—-18 N/
mm micro-pump volumetric efficiency difference in 1%
or less, of which the maximum volumetric efficiency of
the K; = 16 N/mm for 85.68%, while in K; = 2.4 and
20 N/mm, respectively. Owing to excessive suction pul-
sation, the valve opening is too small to result in the
problem of insufficient oil suction, corresponding to
the volumetric efficiency of 80.6% and 80.75%, respec-
tively. When the rotational speed changes in the range
of 1000 —3000 rpm, the volumetric efficiency n corre-
sponding to different degrees of stiffness changes in a
similar manner. In this process, the slower the rota-
tional speed, the longer the oil absorption time in a sin-
gle cycle, and the oil absorption pulsation and response
time have little impact on the volumetric efficiency.
However, with the spring stiffness rising, the valve
opening is too small due to the inevitability of volu-
metric efficiency decline. However, the studied groups
of spring stiffness does not cover the speed of 1000-
3000 rpm in the optimal value. The process of volu-
metric efficiency has been rising, K; = 20 N/mm when
the volumetric efficiency reaches its maximum at
91.66%, 90.53% and 89.24%.

The high pressure causes the leakage to increase. We
set » = 5000rpm and perform simulation calculations
for different spring stiffness levels, when P, changes
within the range of 1040 MPa, and the volumetric effi-
ciency m of the plunger pump is obtained as shown in
Figure 12. Theoretical analysis shows that the spring
stiffness of the suction valve under variable load condi-
tion will not change the trend of volumetric efficiency.



Wenbin et al.

Thus, the optimum value of spring stiffness under dif-
ferent loads is 14 N/mm, as shown in Figure 11. When
the load pressure P, varies within the range of 10—
40 MPa, in general, the pressure increase will generally
lead to an increase in leakage at the piston pair gap and
flow distribution valves, and it will aggravate the flow
rate and pressure pulsation. Therefore, with the pres-
sure increase, the volumetric efficiency of the suction
valve decreases at different spring stiffness levels. The
lowest micro-pump volumetric efficiency 7 is 62.84%
when Py = 40 MPa and K; = 20 N/mm, and the highest
micro-pump volumetric efficiency n is 81.66% when
Py = 10MPa and K; = 14 N/mm.

Effect of suction valve opening pressure f; on volumetric
efficiency. The opening pressure f; of the suction valve
also affects the oil suction of the micro high-pressure
plunger pump. Thus, the simulation analysis is carried
out to analyse the effect of the opening pressure f; of
the suction valve on the volumetric efficiency of the
micro-pump, and the spring stiffness of the suction
valve and the related parameters of the discharge valve
are all set in accordance with Table 1. Setting the suc-
tion valve opening pressure f; = 0.09, 0.5, 0.7, 0.9, 1.0,
1.1, 1.2 N, respectively, at r = 5000 rpm, Py, = 40 MPa
to obtain the outlet flow rate Q as shown in Figure 13.
At 5000 rpm and 40 MPa working condition, according
to the theoretical calculation, when the opening pres-
sure /1 = 1.4 N, the valve does not open. Meanwhile, at
f1 = 1.2N, the valve opening is 0.0312 mm, the suction
ratio Wy is 67.94%, and the oil suction is insufficient.
Additionally, the oil suction ratios are all higher when
f1 < 1.2N. As shown in Figure 13 for the simulation
results, f; = 1.2N when the outlet flow Q is the smal-
lest 0.0741/min; When f; = 1.1 N, the suction valve
opening is small, and the corresponding outlet flow Q
is small 0.1731/min. When f; = 0.09 N, considering
that the opening pressure is too small, the suction valve
opens quickly during the suction moment, then, the
spring stiffness is small and the pulsation is large dur-
ing suction resulting in insufficient suction. Moreover,
the corresponding outlet flow rate Q is 0.464 1/min. The
remaining types of opening pressure outlet flow rate
are approximately equal, when f; = 0.5, 0.7, 0.9, 1.0N,
its outlet flow rates Q are roughly 0.51/min, approxi-
mately equal.

Setting Py = 40 MPa, the rotational speed r is varied
in the range of 1000 —5000 rpm, and the suction valve
opening pressure f; = 0.09, 0.5, 0.7, 0.9, 1.0, 1.1, 1.2N
are set for the simulation calculations to obtain the
volumetric efficiency of plunger pump 7, as shown in
Figure 14, respectively. Overall, as the rotational speed
increases, the oil suction time in a single cycle will
become shorter and shorter, and the requirements for
the suction valve opening and response speed will be

0.52
0.50 f

0.48

0.46

OAL/min)

0.44 |-

A\

0.08 |-

0.06

1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
t/s

Figure 13. Different corresponding micro pump flow rate for
fi at 5000 rpm and 40 MPa.
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Figure 14. Micro pump volumetric efficiency for variable
speed conditions corresponding to different f;.

higher. Thus, the micro-pump volumetric efficiency will
gradually decrease. At r = 5000rpm, the volumetric
efficiency m can reach 73% when the spring opening
pressure f; = 0.9 N, which is due to the short suction
time when the rotational speed is too high, and the
opening pressure f; = 0.9 N opens first compared with
1.0 and 1.1 N. Additionally, the suction time in a single
cycle is longer, thus, the volumetric efficiency is higher.
When f; = 1.2 N, the opening of the suction valve is
too small due to the excessive opening pressure, result-
ing in insufficient oil suction, and the corresponding
volumetric efficiency m is 10.77%. When the spring
opening pressure f; is 0.09 N, the suction valve opens
quickly due to the small opening pressure. Then, the
spring stiffness is small, and the pulsation is large dur-
ing oil suction, resulting in insufficient oil suction. The
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Figure 15. Instantaneous suction flow rate of single plunger of
micro pump at different f; corresponding to rated operating
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Figure 16. Micro pump volumetric efficiency at different f; for
variable load conditions.

corresponding volumetric efficiency is 67.24%. When
f1=0.5and 0.7N are similar to f; = 0.9 N, their volu-
metric efficiencies are both roughly 73%. As shown in
Figure 15, when the opening pressure f; = 0.09, 0.5,
0.7, 0.9N, the suction valve sucks oil almost simultane-
ously to open, and when the opening pressure
f1 = 1.1 N, compared with the former lag which takes
nearly 1ms to open, and f; = 1.2N, the opening is
roughly 12.5% of the valve fully open, and the suction
volume is seriously insufficient. Consequently, the volu-
metric efficiency is reduced.

The r =4000rpm is similar to » = 5000 rpm, but
because of the longer suction time in a single cycle, the
overall volumetric efficiency is higher than r = 5000
rpm, of which the highest volumetric efficiency is 87%
when f; = 0.9N; At r = 1000, 2000, and 3000 rpm, the

oil suction time in a single cycle is longer. At r = 1000,
2000, and 3000 rpm, the oil suction time in a single cycle
is longer, and at this time, the problem of insufficient
oil suction caused by the smaller opening of the suction
valve and the larger suction pulsation is gradually wea-
kened, Therefore, only when f; = 1.2 N, the opening of
the suction valve is extremely small due to excessive
opening pressure and insufficient oil suction. The corre-
sponding volumetric efficiencies i are 63.34%, 37.8%
and 24.6%, respectively. The rest are approximately
equal, in which the highest micro-pump volumetric effi-
ciency is achieved at r = 1000 rpm and the correspond-
ing micro-pump volumetric efficiencies with different
stiffnesses are roughly 91%, with a difference of less
than 1%, which is approximately equal.

Setting » = 5000 rpm and P, varying in the range of
10 MPa—40 MPa, the suction valve opening pressure
f1=0.09, 0.5, 0.7, 0.9, 1.0, 1.1, 1.2N were set to per-
form the simulation calculations. Then, the volumetric
efficiency n of the plunger pump was obtained as
shown in Figure 16. From the figure, the high pressure
will aggravate the leakage at the plunger gap and the
suction valve distribution, and the high pressure condi-
tion will aggravate the flow pulsation of the whole
pump. Thus, the volumetric efficiency of the micro-
pump n will be gradually reduced with the increase in
pressure. However, the variable load conditions in the
suction valve spring stiffness changes on the volumetric
efficiency trend will not change, in the load pressure
change process, the suction valve spring opening pres-
sure f; = 0.5, 0.7, 0.9 N when the corresponding micro-
pump volumetric efficiency values are approximately
equal and larger. Among them, when Py, = 10 MPa cor-
responds to f; = 0.5, 0.7, 0.9N, the volumetric effi-
ciency is the largest, which is approximately equal to
83%; and when f; = 1.2 N, considering that the open-
ing pressure is too large and the suction valve opening
is very small, the oil suction is insufficient. In a differ-
ent external load pressure, the volumetric efficiency is
approximately equal to 11%.

Discharge valve simulation analysis

Variation of spring stiffness and opening pressure of
the discharge valve will directly affect the response time
of the discharge valve and the pulsation characteristics
of the discharge flow. Thus, thoroughly analysing the
related parameters of the discharge valve of the micro
pump is necessary.

Effect of discharge valve spring stiffness K; on volumetric
efficiency. When analysing the effect of the change in
the spring stiffness K, of the suction valve on the volu-
metric efficiency of the micro pump, the relevant para-
meters of the suction valve and the opening pressure of
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Figure 18. Micro pump volumetric efficiency at different K, for
variable speed conditions.

the suction valve are set, as shown in Table 1. Figure
17 shows the settings of r = 5000 rpm, P, = 40 MPa,
and the spring stiffness of the suction valve, K, = 2.4,
10, 20, 100, 500, 1000, 2000 N/mm and the correspond-
ing outlet flow rate Q. Overall, as the spring stiffness
rises, the outlet flow Q increases gradually, and the out-
let flow pulsation decreases gradually. Among them,
when K> = 2.4 N/mm, the outlet flow Q is 0.4641/min,
and the flow rate of pulsation is 5.71%. When
K, = 2000 N/mm, the outlet flow Q is 0.597 [/min, and
the flow rate of pulsation is 1.53% and the outlet flow
rate of pulsation is reduced.

When the spring stiffness of the discharge valve is
different, in general, the micro-pump volumetric
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Figure 19. Micro pump volumetric efficiency at different K, for
variable load conditions.

efficiency generally decreases gradually with the rise in
rotational speed. With the increase in the external load,
the leakage at the internal plunger gap of the micro
pump and at the suction valve port increases, and the
volumetric efficiency of the micro pump decreases, as
shown in Figures 18 and 19. At a certain rotational
speed and external load pressure, the volumetric effi-
ciency of the micro pump is gradually improved as the
spring stiffness K, of the discharge valve increases
within a certain range. This phenomenon is due to the
fact that with the gradual increase in K, the response
speed of the discharge valve becomes faster and the
outlet flow pulsation rate is reduced. Thus, the volu-
metric efficiency of the micro pump is improved.

Effect of discharge valve opening pressure f, on volumetric
efficiency. When analysing the effect of the change in
the opening pressure f> of the suction valve on the volu-
metric efficiency of the micro-pump, the relevant para-
meters of the suction valve and the opening pressure of
the suction valve are set, as shown in Table 1. We set
r = 5000 rpm, Py =40 MPa, and the opening pressure
of the suction valve f, = 0.09, 1, 10, 20, 50, 100, and
200N, corresponding to the outlet flow Q, as shown in
Figure 20. As f> rises from 0.09 to 10N, the micro
pump flow Q gradually increases from 0.4641/min—
0.6061/min. Then, as f, increases to 200 N, the micro-
pump flow Q decreases to 0.5891/min. When the rota-
tional speed and external load change, the pressure to
open the valve f> on the micro pump volumetric effi-
ciency has the same trend, that is, as the pressure to
open the valve increases, the micro-pump volumetric
efficiency initially increases and then decreases, as
shown in Figures 21 and 22. This scenario is primarily
due to the excessively small pressure to open the valve
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Figure 21. Micro pump volumetric efficiency at different f, for
variable speed conditions.

f>. Moreover, when the pump in the process of the
work experiences a certain lag, the response speed is
low, the outlet pulsation is larger and f> is too large.
This situation will lead to an excessively large pre-
compression force which will prevent all to open. The
pressure to open the valve is too small, and both cases
will reduce the micro-pump volumetric efficiency.

Verification and analysis

To verify the above theoretical analysis and numerical
calculation of the conclusion, an experimental platform
is built to verify the volumetric efficiency of the micro
plunger pump, Figure 23 illustrates the schematic dia-
gram of the experimental platform, mainly consisting

100% —a&— |OMPa
—e—20MPa
30MPa
—v— 40MPa
90% -
80% -
70% =
1 1 1 1 1
0 20 50 100 200
f>/N

Figure 22. Micro pump volumetric efficiency at different f, for
variable load conditions.

of micro high-pressure plunger pump, micro pump fre-
quency motor (Specification: DT80BLF180-3160)
power is 1.8 kW, its maximum speed can reach 6000 r/
min, and the motor speed is regulated with a frequency
converter (Specification: HPBL1500, speed can be dis-
played), globe valve, throttle valve (Specification:
J13W-400P), relief valve (Specification: PORVM18-
40), pressure gauge (Specification: YN60-40MPa), gear
flow metre (Specification: Hydrotechnik GFM, flow
range is 0.2-301/min and maximum working pressure is
16 MPa, and the data can be measured by hydraulic
multimeter) etc. The experimental platform as shown
in Figure 24. Through the throttle valve and the vari-
able frequency motor to set the different pressures,
speed to be run after the stabilization of the output of
hydraulic oil volume per unit of time through the mea-
suring cup, so as to estimate the corresponding volu-
metric efficiency of the micro pump at different speeds
and pressures of the working conditions. The main
structure and parameters of the inlet and outlet check
valves of the micro high-pressure plunger pump are the
same, that is, K; = K, = 2.4N/mm, f; =f, = 0.09N.
Moreover, the volumetric efficiency of the micro-pump
is monitored under the variable speed condition at the
rated pressure, and under the variable load condition
at the rated speed. Figure 25 present the results of the
experiments and the same simulation, respectively.

As shown in Figure 25(a) for different speeds when
the micro high-pressure plunger pump test volumetric
efficiency with simulation comparison, from the figure
can be seen with the increasing speed, the micro pump
volumetric efficiency decreases significantly. Both
experiments and simulations can verify this trend.
When r = 1000 rpm, the test yields n = 86.1%, and the
simulation results are slightly larger than 90.7%. When
r=2000rpm, n = 83% in the test and 89.03% in the
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Figure 24. Micro high-pressure plunger pump test platform.

simulation; at r = 3000rpm, r = 4000rpm, the effi-
ciency values obtained through both experimentation
and simulation showed a gradual convergence, reaching
80% and 87%, and 76% and 80.6%, respectively.
When r = 5000 rpm, the test results with the simulation
results are basically equal to roughly 67%; hence, at
lower rotational speeds, the experimental volumetric
efficiency is lower than the theoretical value due to a
smaller outlet flow rate and a higher proportion of
leakage. The theoretical simulation results are more
optimal as they have less leakage than the actual results.
As the rotational speed increases, the outlet flow base
also increases. Although leakage increases, its impact is
relatively minor compared with the outlet flow, result-
ing in a closer match between simulation and actual
results at higher rotational speeds.

Figure 25(b) shows the comparison of the experi-
mental volumetric efficiency of the micro plunger pump
with simulation at different loads. With the increase in
load pressure, the leakage at the internal plunger gap of
the micro pump and at the suction valve port increases,
and micropump volumetric efficiency decreases. At a
pressure of 10 MPa, the efficiency is 76% in the experi-
ment and 74.8% in the simulation. When the pressure
increases to 20 MPa, the efficiency is 74% in the experi-
ment and 73.1% in the simulation. At 30 MPa, the
experiment shows an efficiency of 70% compared with
71% in the simulation. Finally, at 40 MPa, both the
experimental and simulation results are very similar,
with an efficiency of 67%.

Conclusion

(1) Through a theoretical analysis of micro high-
pressure plunger pump suction valve/discharge
valve spring stiffness, opening pressure on its
volumetric efficiency, this study makes the fol-
lowing conclusion: the suction valve spring
stiffness which is too small will lead to longer
response time when sucking oil and will cause a
larger suction pulsation; spring stiffness is
larger when the valve opening is small suction
which is insufficient at 14 N/mm when the stiff-
ness is optimal. By contrast, the opening pres-
sure in the valve does not affect the minimum
critical openings of the suction efficiency when
they are higher. The outlet flow rate is virtually
unaffected by the spring stiffness and opening
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Figure 25. (a) Comparison of experimental volumetric efficiency with simulation under different speeds, and (b) Comparison of
experimental volumetric efficiency with simulation under different loads.

pressure of the discharge valve within a certain
range.

(2) A micro high-pressure plunger pump simula-
tion model is built for the suction valve simula-
tion: r = 5000rpm, Py=40MPa when the
spring stiffness of 14 N/mm volumetric effi-
ciency is the highest at 72.86%. Speed reduc-
tion increases a single cycle of suction time
increases, the optimal spring stiffness gradually
increases, the external load pressure gradually
reduces, the micro pump volumetric efficiency
is significantly improved, but the overall trend
remains the same. With the increase in suction
valve opening pressure, the micro pump volu-
metric efficiency initially increases and then
decreases, with the highest volumetric efficiency
of 87% at f1 = 0.9 N. With the decrease in rota-
tional speed and load, the volumetric efficiency
is significantly improved.

(3) Derived from simulation for the discharge
valve: overall, with the discharge valve spring
stiffness increasing within a certain range, the
micro-pump volumetric efficiency increases
gradually. With the discharge valve to open the
pressure increasing, the micro pump volumetric
efficiency increases and then decreases to
f»=10N when the micro-pump volumetric
efficiency reaches the maximum of 87.8%.
With the reduction of the rotational speed, the
decrease in load will gradually increase the
micro pump volumetric efficiency.

(4) The test platform is built to verify the rated
speed and load micro high-pressure plunger
pump volumetric efficiency. The test results are

basically consistent with the simulation results,
and the curve fit is good, which proves the cor-
rectness of the simulation model.
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