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Abstract - In order to study the erosion failure mechanism of valve and valve seat of five-cylinder
plunger pump, and according to the hydraulic end structure of the five-cylinder plunger pump and
Adolf's differential equation of motion, the three dimension transient flow field models under
different impulses are established based on the computational fluid dynamics theory. A qualitative
and quantitative analysis of the flow field of a periodic plunger pump is carried out. The results
show that the velocity of fluid passing through the valve clearance of the pump valve is greater than
other positions. And the maximum velocity appears at the corner of the bottom of the valve disc
and valve seat, which is mainly due to the tearing and erosion of the pump valve and valve seat.
This phenomenon just corresponds to the actual failure position of the pump valve and valve seat.
The results of this paper can be used to verify the flow field laws of reciprocating pump hydraulic
end with the same principle, and provides an effective method and theoretical basis for further

studies on reciprocating pump design, valve disc and valve seat erosion failure mechanism.
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1. Introduction

Shale gas reservoirs with characteristics of ultra-low
permeability, low porosity and diversity of gas
occurrence, generally have lower or even no
production [1,2]. High-pressure reciprocating pumps
are widely used in the fracturing process, and
plunger pumps with small power and large power
have been widely concerned and developed. Many
experts and scholars have done a lot of research on
reciprocating fracturing pumps [3]. Huang QY et al.
[4,5] completed the design of the overall
transmission scheme of 2000HP long-stroke drilling
pumps and the determination of performance
parameters. The structure design and strength check
of the key transmission parts of the power end are
carried out, and a new type of multi-pivot crankshaft
is designed. The mechanical properties of the new
type of crankshaft are analyzed, and the results
prove the superiority of the new type of crankshaft.
Arnaud L et al. [6,7] combined with fluid mechanics
theory and related software, studied the interaction
between heat and fluid of the parts of the

reciprocating plunger pump during operation, and
found that the initial fluid temperature field and the
running speed of the plunger would affect the
operating efficiency of the reciprocating pump, and
the research results provided a theoretical basis for
the operating mechanism and characteristics of the
reciprocating pump. Wang Mengyi et al. [8,9]
analyzed the erosion rules of gas pipelines with
different structures by using fluid-structure coupling
erosion method, and optimized the pipeline
structure Based on the Discrete Phase Model
(abbreviated as DPM). Finally, it was confirmed that
the optimization of the structure was conducive to
the mitigation of pipeline erosion by using
comparative analysis method. Xiaotian Huang et al.
[10,11] studied the erosion of the centralizer by
high-speed fluid based on the Computational Fluid
Dynamics (abbreviated as CFD) method, obtained
the operation law of the flow field at the position of
diameter reduction and shape change, as well as the
solid phase erosion of the blade of the centralizer.
The valve seat and valve core of the reciprocating
pump were also in the position of flow channel
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change. Therefore, this paper can make use of the
previous research results on the reciprocating pump
valve seat and valve body received solid phase
erosion research, find the failure reasons of the valve
seat and valve core, and provide theoretical basis for
improving the structure of the valve seat and valve
core.

Previous literature has also done a correlation
analysis, but the lack of detailed and reasonable
analysis process. The flow field inside the pump head
is over simplified, it cannot really indicate the law of
fluid flow. And there are few literature about the
simulation of three-dimensional flow field. An
accurate  three-dimensional fluid model is
established based on field data and relevant design
data in this paper. The velocity change of fluid near
the valve and valve seat under various transient
conditions is simulated. The distribution of valve gap
on valve and valve seat is analyzed to clearly
understand and optimize the internal structure of
the hydraulic end.

2. Five Cylinder Plunger Pump Working
Principle

Five-cylinder plunger pump belongs to volume
pump, the periodic change of working chamber
volume is produced by reciprocating motion of
plunger in the hydraulic cylinder. Fig.1l is the
working principle diagram of five cylinder in a single
cylinder plunger pump, Fig.1 (a) shows the crank OA
rotating with uniform angular velocity of, when the
crank rotating angle =0-m, it is the suction stroke,
the crank rotating angle =m-2m, it is the discharge
stroke. Fig. 1(b) is the diagram of rise and
descending process of suction valve and discharge
valve hydraulic end.

The movement of cross head and piston is the
same, so the movement of B in the center of cross
head pin can be indicated the movement of piston.
We can see from Fig.l, plunger displacement
formula.

s zr(licosgpi%sin2 ®) (1)
Plunger velocity formula:
u= ira)(sin(p+%sin2 ?) (2)
The valve lift distance formula:
_ Aorsin ot (3)
urd, \/2(G+R) sind
4,p

In the formula:

A, —The cross sectional area of piston; A, —Valve
disc area; t —The flow coefficient of valve, here is
1.12; p —Medium density; h—valve disc lift; @ —
Crank angular velocity, R—spring force, 298N; 6 —

the angle between the surface and the valve disc
with the axis.
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Figure 1: The working principle of plunger pump

B, —Valve plate bottom surface pressure, MPa; P, —
Valve plate upper surface pressure, MPa; V,—
Velocity valve seat bore fluid, m/s; v, —Valve plate
rising velocity, m/s; d_—Valve seat bore diameter,

mm; dz —Valve plate diameter, mm; h—Height of

valve plate rising, mm.

Fracturing construction “Ten thousand cubic
meters of liquid, thousand cubic meters of sand” has
become the trend of future development, especially
under high pressure; large displacement output has
become China's “Fracturing factory” development
characteristics as shown in Fig.2 and Fig.3.

* . st

N Figue 2: "Fracturi;zgfactory" Model

Fracturing truck team

Figure 3: Fracture truck and valve assembly

International Journal of Mechatronics and Applied Mechanics, 2025, Issue 22, Vol. | 105



Study on Erosion Failure Mechanism of High Pressure Fracturing Pump Key Structures

For the fracturing pump, the efficiency of the pump
and the frequent failure forms during operation,
such as the damage of the valve body (valve core),
the puncture of the pump head, the erosion of the
cavity wall, and the wear failure of the valve seat, are
shown in Fig.4.

[ Valve fracture J { Rubber ring is washed away } [ Erosion region J

(b)

Figure 4: Failure photos of valve seat and valve disc
3. Numerical Calculation Equation

The flow of fluids is controlled by the laws of
conservation of mass, momentum, and energy, if the
flow is in a turbulent state, the system also follows
the additional turbulent transport equation, the
control equation is a mathematical description of
these conservation laws, the mathematical
description of the physical model of the flow
problem is given, that is the basic equation of flow
(control equation) and its boundary conditions are
given, which is known as mathematical model. The
establishment of mathematical model is based on the
physical model, in the study of the hydraulic end of
the plunger pump, the geometry of the internal fluid
region of the hydraulic end of the plunger pump is
established by a three-dimensional solid model, flow
state is in turbulent flow [12,13]. Therefore, the
mathematical model obtained is as follows:

1) Mass conservation equation

0
Py (pr+ 2o (4)
2) Momentum conservatlon equation
5(Pui)+0”(p“i“j) 0”1’ 0" ') (5)
ot ox, é’xl.
3) Energy-balance equation
k k o 6
Lo+ L (o) + 2 (va)fi(—%:) %(——T) ©)

Where, p— density of fluid, kg/m3; vi—Axial velocity
vector, m/s; v~—Radial velocity vector, m/s;t—
Time,s; x—Axial displacement, m; r—Radial

displacement, m. p—Pressure, Pa; ui— the velocity
of x direction, m/s;uj—the velocity of y
direction,m/s; ne —Turbulent viscosity
coefficientkg/ (m-s) ; xi—the displacement of x
direction, m; yj—the displacement of y direction, m;
cp—the specific heat capacity, J/ (kg-°C) ; T—
Temperature, k— fluid heat transfer coefficient;
S—viscous dissipation phase of fluid.

In order to further explore the relationship
between the valve internal flow velocity and
pressure distribution and movement of the plunger
pump, the parameters of suction process and
discharge process under seven strokes (or rotating
speed) are obtained by calculating, and the
parameters values are shown in Table 1, Table 2.

Table 1. Parameter values of suction process
Stroke | Crank Lift velocit/|Displace- | Suction
n/rp | angle | distance/|m/s) ment/ |pressure/
m ¢ /o mm m MPa

15 0.789 0.23 4.12

30 1.524 0.49 16.1

79
60 2.640 0.80 58.2 03

90 3.048 0.84 111.5

Table 2. Parameter values of discharge process

Stroke| Crank Lift velocity/ | Displace-| Discharge

n/rpm| angle | distance | (m/s) ment/ | pressure/
q) /o /mm m MPa
195 0.829 0.18 2.74
210 1.596 0.35 11.1
79 105

240 2.782 0.66 43.4

270 3.040 0.84 91.7

4. Calculation Results Analysis
4.1 Velocity Change Rule under Different
Stroke During Working Process

It shows that the velocity vector diagram of the
crank at the maximum and minimum speed shown in
Fig. 5 and Fig. 6 that the larger the velocity of the
fluid is concentrated in the gap area between the
valve seat and the valve body. When the stroke times
are 79rpm, the smaller the angle is, the smaller the
rising height of the valve body is, and the fluid flow
rate in the suction chamber becomes larger. When
the number of strokes is 299rpm, with the increase
of the rotation angle, the higher the rising height is,
the greater the fluid velocity in the suction chamber
becomes, and the fluid velocity in the suction
chamber is also relatively large. The maximum flow
rate increases with the increase of the opening,
reaching 18.35m/s.
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Fig. 5 Velocity contour of suction chamber at 79 rpm
under crank angle
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Figure 6: Velocity contour of suction chamber at
299 rpm under crank angle

It shows the fluid velocity vector diagram at the
maximum and minimum speed shown in Fig. 7 and
Fig. 8 that the larger fluid velocity is also
concentrated in the clearance area between the valve
seat and the pump valve. Moreover, the larger the
rising height of the valve body and the smaller the
angle, the smaller the fluid flow in the discharge
chamber. Basically, the fluid velocity changes little,
and the maximum velocity does not increase with
the increase of the opening. The fluid velocity
basically does not change much, and the maximum
velocity does not increase with the increase of the
opening. When the rotation angle is g =15°, there is a
large flow rate at the gap between the valve and the
valve seat, and the maximum flow rate reaches
9.23m/s. When the stroke is 299rpm, the valve body
rises higher with the increase of rotation angle, and
the fluid velocity in the discharge chamber is
relatively high. The maximum velocity increases
with the increase of opening, and the maximum
velocity reaches 18.72m/s. In addition, some
vortices and backflows will occur when the fluid
flows through the inner chamber. Therefore, the
fluid has a certain impact on the discharge chamber
at the maximum stroke

4.2 Velocity Change under Different Stroke
During the Suction Process

As shown in Fig.9, it shows that the velocity
increasing gradually, the maximum speed
appearance in the valve clearance, and the speed
from small to large and then from small to large
when the crank turns the same angle. with the rotate
angle increasing, the velocity curve of hump section
becomes stable, the increase of speed will slow
down, especially at the 15°, the increment of velocity
is the largest, when the rotate angles are 30°, 45°and
60°, the velocity change curve is similar, it slowed
down relative to 15° when the rotate angle is 75°and
90°, the increment of velocity is the smallest. It
shows the change of velocity of the flow field is also
relate to the opening of the valve body and the speed
of the plunger in the suction process.
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Figure 7: Velocity contour of discharge chamber at 79

rpm under crank angle
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Figure 8: Velocity contour of discharge chamber at

299 rpm under crank angle
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Figure 9: Velocity curve of fluid in the suction process

As shown in Fig. 10, the maximum velocity
increases with the rotate angle increasing in the
suction and discharge process, and then becomes
small, the changes of the maximum velocity has little
difference in the suction and discharge process, the
curve of the maximum velocity shows a positive
cosine distribution in the suction and discharge
process, which is relative to the reciprocating pump,
and the correctness of the velocity and displacement
formula of the plunger motion is verified reasonably.
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Figure 10: Velocity curve of fluid in the discharge
chamber under 79 rom and 299 rpm

5. Analysis of Erosion Process of Valve
and Valve Seat

In this paper, based on the plastic erosion theory of
FLUENT (Ansys Fluent - Fluid Simulation
Software) . Simulation analysis of the valve body of

the abrasive erosion has been done [14-17], and the
erosion rate is defined as:

Mo mpC(dp)f( ayt® %

erosion

™

p=l face

WhereC(d,)is  the

diameter, & is the impact angle of particle on Wall,
f(a)is the function of incidence angle,v is the

function of  particle

particle velocity relative to the wall surface, p(v)is

the relative velocity function. According to the
experimental study of Ahlert, the expression model
of erosion rate:

ER = AF,V"f () (8)
C(d,)=1.559B"* x10” 9)
C(d,) = AF, (10)
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Where F} is the particle shape factor F§is 1.0 that
indicates the particles with sharp angles, 0.5
indicates Half round particle, 0.2 that indicates
Spherical particles; B is Bush hardness; f(&)is
the incident angle function, the expression is as

follows and the related parameter is as shown in
Table.3:

a]a2 +ba a<0.262 (11)

fle)= . ,
{xl cos’ asina +y,sin’ @ +z, a>0.262

Table 3. The related parameter
a1 b1 X1 y1 Z1
0.384 | 0.227 | 0.03147 | 0.003309 | 0.02532

According to the plastic erosion theory of
FLUENT, we only select two representative cases in
this paper, when the strokes are 79rpm and 299rpm
and the crankshaft angle is 90°and 270°respectively,
the results of erosion wear simulation are obtained,
as shown in the following Fig.13- Fig.16.
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Figure 11: Erosion images under 79rpm of stroke and
90°of rotate angle
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Figure 12: Erosion images under 299rpm of stroke
and 90°of rotate angle
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Figure 13: Erosion images under 79rpm of stroke and
270°f rotate angle
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Figure 14: Erosion images under 299rpm of stroke
and 270°f rotate angle

Combined with the simulation analysis and the
actual image data as shown in Fig.15, analysis of the
particle erosion showed that, the position of the
rubber sleeve connect with the bottom surface of the
valve body is the most severe erosion area, then the
region of valve disc and valve seat cone surface
fitting, once the cone surface is worn serious, which
will bring about the seal failure of valve rubber ring.
At the same time, during the working process of
plunger pump, a high-speed liquid will generate in
the internal of hydraulic end, which will lead to
erosion failure of valve disc and valve seat, it can
effectively evaluate the life and the wear rate of
valve disc and valve seat assessing through these
researches.

Figure 15: Erosion region of the valve disk and valve
seat

Through  theoretical research, simulation
calculation, the actual situation contrast analysis,
and speed mutation will appear in the case of a small
stroke and rotate angle, such as the rotate angle is
15°r 195°and the stroke is 79rpm, at this time the
velocity is larger than a bigger stroke and rotate
angle. So similarly, whether in the course of
discharging or suctioning, the fluid will also erode
the valve disc and valve seat under a small stroke
and rotate angle.

6. Conclusions

In both the suction and discharge stages, the
maximum velocity of the fluid increases with the
increase of the angle of rotation and then decreases
gradually. There is little difference between the
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maximum velocity in the suction process and the
discharge process.
As the angle is small and the gap between the

valve body and the valve seat is small, the cross-
sectional area of the outlet becomes smaller, and the
fluid velocity will have a local sudden change,
resulting in a huge erosion of the hole and the wall
surface in contact with the fluid.

The changes of the maximum velocity have little
difference, the velocity of fluid flow shows a positive
cosine distribution in the suction and discharge
process, and the correctness of the velocity and
displacement formula of the plunger motion is
verified reasonably.

The particle erosion wear analysis of the valve
body shows that the most serious erosion area of the
valve body is the lower bottom surface of the valve
body rubber sleeve connected with the valve body,
followed by the mating cone.

The impact times of the pump are the most
important factors affecting the erosion wear of the
pump valve. Therefore, optimizing the impact times
of the pump can significantly improve the wear of
components at the hydraulic end.
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