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The change of velocity and pressure of flow field in suction and discharge chamber of five-cylinder
plunger pump obtained by CFD under maximum and minimum stroke, the results show that: when
the stroke is 79 rpm, the internal of pump head will produce pressure holding, and the internal orga-
nization of pump head body will be in a fatigue state of high pressure for a long time. When the rotate
angle is small, the peak velocity at the gap of valve disc and valve seat reaches 9.60 m/s, which is the
orifice jet phenomenon. When the stroke is 299 rpm, the overall velocity curve is relatively stable, but the
velocity of fluid flow through the pump head body is larger, and the maximum velocity reaches 18.72 m/s
at the bottom corner of valve, it will produce the circumfluence and vortex discharge chamber at the
same time, which will cause the increase of vibration of pump head body. So it should use proper
punching gear in order to conducive to overall working life of pump.

© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In order to effectively meet requirements for fracturing truck
capacity, ultrahigh pressure, large displacement and intelligence in
modern integrated fracturing unit construction as shown in Fig. 1,
Xuping Zhao et al. put forward the development direction of new
fracturing trucks in capacity, weight, energy conservation, emis-
sions and consumption costs [1,2].

High pressure plunger pump is expensive, maintenance costs
are very high in abroad, while domestic manufacturers are less than
other developed country, failure of the hydraulic end often occurs
in the fracturing pump as shown in Fig. 2, and some researches of
mechanism and internal structure for reciprocating pump of hy-
draulic end has also been done at home and abroad:

* Corresponding author.
E-mail address: hanchuanjun@126.com (C. Han).
Peer review under responsibility of Southwest Petroleum University.

E‘LSEVIE‘I; Production and Hosting by Elsevier on behalf of KeAi

https://doi.org/10.1016/j.petlm.2017.11.001

Chuanjun Han et al. find it would produce vertex and counter
flow when the flow went through the chamber, which is beneficial
to optimizing designing and increased service life of the pump
valve [3—7]. Qiming Yang, T. Henshaw et al. optimize 20CrMnTi
under the condition of affecting wear, which supplies a guiding
significance to research the new materials of wear-resisting in
valves of the fracturing pump [8—13]. Faguang Jiang, PJ. Singh et al.
obtain the characteristics of severe erosion and abrasion in the
drilling pump valve by FLUENT. In addition, develop a new HP 1400
fracturing pump successfully through systemically theory study
and structure analysis based on the reverse engineering technol-
ogy, which offers a kind of effective method to study other similar
products [14—19]. Gongxiang Zhong et al. choose support vector
machine training feature sample data, and showed the fault
recognition rate is about 95% and the results are accuracy and
reliability [20—23]. Yongjun Hou et al. put forward a kind of triplex
single-function reciprocating pump driven by linear motors, which
developing new style reciprocating pump and designing its con-
trolling system [24—26]. Y. Cengel, Zhidong Zhang et al. propose a
fault diagnosis method of fluid end that combines the statistical
indexes and neural network, which can be applied to engineering
practice [27—29]. Herb et al. also consider the boundary of the flow
field, they provide a certain basis for valve failure through the
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Valve spring seat erosion region

Fig. 2. The failure of the hydraulic end often occurs.

tribology theory, moreover some researches about the valve gap
flow of variable section and non-Newtonian fluid in high shear with
unsteady characteristics have been done [30—32].

The previous literature mainly aimed at analysis about flow of
three cylinder pump, and there is little analysis research data of
three-dimension flow of hydraulic end. This paper firstly does
analysis for fluid flow of five cylinder plunger pump hydraulic end,
constructs many kinds of precise models of transient flow field, and
to study the rationality of channel structure by analyze flow field
pressure and flow size and distribution.

2. Working principle of five cylinder plunger pump

Five-cylinder plunger pump belongs to volume pump, the pe-
riodic change of working chamber volume is produced by recip-
rocating motion of plunger in the hydraulic cylinder. Structurally,
the working chamber is separated from the outside through the
sealing device. In the process of working, mechanical energy of
piston pump transmits directly into pressure energy of liquid [33,
34].

Fig. 3 is the working principle diagram of five cylinder, Fig. 3 (a)
shows the crank OA rotating with uniform angular velocity of w,
when the crank rotating angle ¢ = 0~, it is the suction stroke, the
crank rotating angle ¢ =m~2m, it is the discharge stroke. When
cross head is at the left of crank, crank is rotating along clockwise,
Fig. 3 (b) is the diagram of rise and dropping process of suction
valve and discharge valve of hydraulic end.

The movement of crosshead and piston is the same, so the
movement of B in the center of crosshead pin can be indicated the
movement of piston. We can see from Fig. 3, plunger displacement
formula:

s:r(licos <p4_r%sin2 (p) (1)

Plunger velocity formula:

U=+TW (sin o+ %sin2 (p) (2)

The valve lift distance formula:

Aqwr sin wt

2(GiR)
Axp

h =

= (3)
pmdy

sin 4

In the formula:

A1—The cross sectional area of piston; A,—Valve disc area;
u—The flow coefficient of valve, here is 1.12; p—Medium density;
h—valve disc lift; w—Crank angular velocity, R—spring force,
298 N; #—The angle between the surface and the valve disc with
the axis.
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Fig. 3. The working principle of plunger pump.

3. Numerical calculation
3.1. Computational model

According to the structure design of five cylinder pump hy-
draulic end, and considering the practical numerical simulation, to
establish the exact transient fluid model of the hydraulic end flow
passage according to various conditions, including the fluid calcu-
lation model suction and discharge process of, select the transient
model as the computational fluid domain, as shown follows in
Fig. 4.

3.2. Boundary conditions of fluid field

From analysis of hydraulic end, it is known that the fluid was

Pump
Shell

Suction process | ¢

Fig. 4. The internal structure of hydraulic end and the fluid field model.

turbulent cylinder internal in suction and discharge process, and
flow field of hydraulic end are complex, the parameters (flow
pressure and velocity) are irregular changes continuously with
time. Therefore, it is need to make the following assumptions for
the numerical simulation of flow field [35, 36]:

(1) Fluid as Newtonian Fluid (along with the velocity gradient
change, dynamic viscosity 4 unchanged)

(2) Through the calculation, the Reynolds number Re of the
model far outweigh the critical Reynolds number Re
(2000—3000), so the flow model state was mainly on the
turbulent flow, which fulfilled k — ¢ turbulence model.

(3) To solve discrete equations, Numerical calculation in com-
mon used the SIMPLE (Semi-Implicit Method for Pressure-
Linked Equations) algorithm of the finite volume method.

(4) The wall boundary was no slip condition, namely uya; =0,
Vwall = 0, Wyail = 0, Kwai = 0, ewan = 0.

(5) Boundary condition of the model: 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 the maximal and the minimal stroke are obtained by
calculating (generally, the maximum stroke is 299 rpm and
the minimum stroke is 79 rpm), and the parameters values
are shown in Tables 1 and 2.

4. Analysis of calculation results
4.1. Comparison of pressure changes in the suction process

It can be obtained the results from the simulation analysis of
suctioning process under the maximum and the minimum stroke
(Because of the paper space, only choose the pressure contours and
velocity contours under three rotate angles) as shown in Fig. 5 and
Fig. 6. With increase of the height of valve rising, the pressure in the
suction chamber increases, and the increase rate is not large, it is at
about 0.3 MPa. When the stroke is 79 rpm, the height is relatively
small, and the fluid passes through the gap of valve and valve seat,
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Table 1

The parameters of suction process.

Z. Lian et al. / Petroleum 4 (2018) 457—465

Stroke Crank angle Lift distance Plunger velocity Plunger displacement Suction pressure
n/rpm ol° h/mm u/(m/s) s/m P/MPa
79 15 0.789 0.231 4.120 0.3
30 1.524 0.491 16.093
45 2.155 0.687 34.727
60 2.640 0.799 58.237
75 2.944 0.853 84.531
90 3.048 0.840 111.516
299 15 2.980 0.979 4.120 0.3
30 5.767 1.859 16.093
45 8.155 2.559 34.727
60 9.988 3.023 58.237
75 11.142 3.227 84.531
90 11.534 3.18 111.516
Table 2

The parameters of discharge process.

Stroke Crank angle Lift distance Plunger velocity Plunger displacement Suction pressure
n/rpm »[° h/mm u/(m/s) s/m P/MPa
79 195 0.829 0.177 2.743 105
210 1.596 0.349 11.13
225 2.255 0512 24.81
240 2.782 0.657 43.36
255 2.937 0.771 66.05
270 3.040 0.840 91.68
299 195 3.135 0.668 2.743 40
210 6.035 1.321 11.13
225 8.534 1.938 24.81
240 10.531 2.485 43.36
255 11.116 2917 66.05
270 11.505 3.18 91.68
[Pa]
Pressure Pressure Pressure
Contour 1 Contour 1 Contour 1
300030.13 300047.2 300255.13
286999.63 283593.2 290077.88
273969.16 267139.1 279900.59
260938.66 250685.0 269723.31
] r
bl 247908.17 234231.0 ol 259546.06
234877.69 217776.9 249368.80
[Pa] [Pa] [Pa]
(a) p=15° (b) p=45° (c) =90°

Fig. 5. Pressure contour in the suction process under79 rpm.

it will produce pressure-holding state. The pressure almost does
not pass to upper chamber when the stroke is 79 rpm. When the
stroke is 299 rpm, the height of valve rising is relatively large, it will
release more pressure, the pressure will gradually spread to the
upper chamber.

4.2. Comparison of velocity changes in the suction process

From the velocity vector diagram under the maximum and the
minimum stroke as shown in Fig. 7 and Fig. 8, it can be found that

the larger velocity of fluid is concentrated in the gap region of valve
seat and valve, and the height of valve rising is bigger, the velocity
through the valve gap increases. When the stroke is 79 rpm, the
smaller the angle, the smaller the height of lifting is, the velocity of
fluid flow in the suction chamber is also small. At this time, the
velocity basically do not change much at the same time, and the
maximum velocity is not become large with increase of opening.
When the stroke is 299 rpm, with the rotation angle increasing, the
height of rising is larger, the velocity of fluid flow in the suction
chamber is also large and relatively higher in the suction chamber
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Pressure Pressure Pressure
Contour 1 Contour 1 Contour 1 X
3.00x10° 302038.06 3.05%10°
2.85x10° 268534.13 2.62x10°
2.71x10° 235030.19 2.19x10°
2.56x10° 201526.25 1.76x10°
2 & 2.41x10° 168022.30 1.33%10°
227%10° ‘ 134518.36 ‘ 9.03x10°
[Pa] [Pa] [Pa]
(a) p=15° (b) p=45° (c) ©=90°

Fig. 6. Pressure contour in the suction process under 299 rpm.

Velocity £ Velocity 7 Velocity
Vector 1 B Vector 1 7 W Vector 1
9.60 9.58 7 ; 8.49
8.23 8.22 = 7.28
6.86 6.85 “ 6.07
- 5.49 e ; 5.48 o 4.86
411 3 411 : 3.64
a0 . - ir . L
A 2.74 ¥ y 2.74 i o 243
k 137 137 i, | 122
0.00 0.00 ¥ i o 0.00
[ms '] [ms ] Y | [ms ']
(a) p=15° (b) p=45° (c) ¢=90°
Fig. 7. Velocity vector diagram under 79 rpm.
e Velocity Velocity - & : Velocity
Vector 1 Vector 1 Vector 1
10.08 13.59 e 18.35
8.64 11.65 ; 15.73
7.20 9.71 o wdlh 13.11
3 5.76 ki A : 10.49
i ¥ A I i
- - 4.32 5.83 ’ 7.87
i 3 b ‘ 2.88 3.89 _ ; 5.25
! 1.44 1.95 2.63
i 0.00 ’ 0.01 j 0.02
il [ms '] [ms ] [ms ']
(a) p=15° (b) $p=45° (c) $=90°

Fig. 8. Velocity vector diagram under 299 rpm.

at the same time. The maximum velocity will be increase with the
opening increasing, and the maximum velocity reaches 16.5 m/s, in
addition, the fluid flowing through the internal cavity, a part of
vortex and circumfluence will be produced, therefore, the fluid has
some impact on the suction chamber under the maximum stroke.

From Fig. 9, it can be obtained: when the stroke is constant, the
overall velocity of flow field in the suction chamber will increase
with angle increasing; when the stroke is 79 rpm, the velocity
changes in a range of 0.2—9.5 m/s, although the angle is small at
this time, for example, when the rotate angle is @ = 15°, the peak
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Fig. 9. Velocity curve of fluid in the suction chamber under 79 rpm and 299 rpm.

velocity changes greatly. When the stroke is 299 rpm, the overall
velocity curve is relatively stable, the velocity changes in a range of
1.1-16 m/s, the velocity is mutation at the small region. It can be
found the velocity of outlet position is larger than the entrance in

the process of inhalation/suctioning.

Pressure Pressure
Contour 1 Contour 1
105046728 105037032
105033600 105025648
105020480 105014264
105007352 105002872
104994232 104991488
104981104 104980104
[Pa] [Pa]
(a) $=195° (b) $=225°
Fig. 10. Pressure contour in the discharge process under79 rpm.
Pressure Pressure
Contour 1 Contour 1
40046880 40093240
40033264 40053940
40019648 40014640
40006028 39975340
39992414 39936040
39978796 39896740
[Pa] [Pa]
(a) $=195° (b) p=225°

Fig. 11. Pressure contour in the discharge process under 299 rpm.
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80 100
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(c) $=270°
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4.3. Comparison of pressure changes in the discharge process

It can be obtained the results from the simulation analysis of
discharging process under the maximum and the minimum stroke
as shown in Fig. 10 and Fig. 11. With the increase of height, pressure
in the discharge chamber increases, and the increase rate of

Pressure

Contour 1
105035456

105024752
105014040
105003336
104992624

104981920
[Pa]

Pressure

Contour 1
4138960

40082368
40025776
39969180
39912588

39855996
[Pa]
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Velocity Velocity Velocity

Vector 1 Vector 1 Vector 1
9.23 9.14 8.63
791 7.83 7.40
6.59 6.53 6.17
527 522 4.94
3.96 3.92 3.70
2.64 2.62 2.47
1.32 : 1.31 1.24
0.00 ‘ B 0.01 0.01

[ms'] ' [ms] ' [ms ']

(a) p=195° (b) p=225° (c) p=270°

Fig. 12. The velocity vector diagram under 79 rpm.

pressure is not large. When the stroke is 79 rpm, the height is almost do not pass to the upper outlet, when the stroke is 299 rpm,
relatively small, when the fluid passes through the gap of valve and the height is relatively higher, it will release more pressure, the
valve seat, it will also produce pressure-holding state, pressure pressure will gradually spread to the upper outlet.

Velocity \ ) ; ' - * Velocity _ ' ~/ Velocity
Vector 1 1 &2 Vector 1 it Vector 1
10.01 e : 14.87 18.72
s N 16.05
8.58 12.75 13.38
7.15 10.62
10.70
5.72 8.50
429 6.38 8.03
2.86 4.25 5.36
1.43 2.13 2.69
0.00 : . 0.01 ‘ 0.02
[ms ] : [ms ] : [ms ]
(a) p=195° (b) ¢=225° (c) §=270°
Fig. 13. The velocity vector diagram under 299 rpm.
10 or 18 195"
0t 79r/min 1—A LA 299r/min
quo—zl() % 16 ~—‘—w—210 b
8 ; _ 14 N X
"o o 12 / \
& 6 E 10
B} E
2 4 g 8
: s o
2 4
2
0 0 - . : . :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
The nodes along the path The nodes along the path
(a) (b)

Fig. 14. Velocity curve of fluid in the discharge chamber under 79 rpm and 299 rpm.
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4.4. Comparison of velocity changes in the discharge process

From the velocity vector diagram under the maximum and
the minimum stroke as shown in Fig. 12 and Fig. 13, it can be
found the larger velocity of fluid are concentrated in the gap
region of valve seat and valve disc. And the height of valve rising
is bigger, the smaller the angle, fluid flow in the discharge
chamber is also small. Basically the fluid velocity does not change
much, the maximum velocity does not increase with the opening
increasing. In addition, the velocity of fluid flow through the
valve gap increases, the velocity of fluid flow is larger at the valve
gap and discharge holes. When the stroke is 79 rpm, the smaller
the rotate angle, the smaller the height of valve rising is, the
velocity of fluid flow in the discharge chamber is also small. The
velocity of fluid flow basically does not change much at the same
time, the maximum velocity does not increase with the opening
increasing. When the rotate angle is ¢ = 15°, the larger velocity
will appear in the gap of valve and valve seat, and the maximum
velocity reaches 9.23 m/s. When the stroke is 299 rpm, with the
rotation angle increasing, the height of valve rising is larger, fluid
velocity is relatively higher in the discharge chamber at the same
time. The maximum velocity will be increase with the opening
increasing, and the maximum velocity reaches 18.72m/s. In
addition, a part of vortex and circumfluence appearance when
the fluid flowing through the internal cavity, therefore, fluid has
some impact on the discharge chamber under the maximum
stroke.

From Fig. 14, it can be obtained: when the stroke is constant,
the overall velocity of flow field in the discharge chamber will
increase with rotate angle increasing. When the stroke is 79 rpm,
the velocity of fluid flow changes in a range of 0.25—9.20 m/s,
although small angle at this time. For example, when the rotate
angle is @=195°, but its velocity change is large, the peak
changes greatly. When the stroke is 299 rpm, the overall velocity
curve is relatively stable, the velocity changes in a range of
1.12—17.1 m/s. The velocity of fluid flow is mutation at the small
region, when rotate is @ =270°, the maximum velocity appear-
ances. At the same stroke and rotate angle, the velocity of fluid
flow increases gradually and then gradually becomes smaller
along the flow path of fluid. In the process of discharge process, it
can be found the velocity of fluid flow at the plunger and outlet is
very small, the velocity of outlet position is larger than the
entrance.

5. Conclusions

Construct the internal flow model of hydraulic end precisely in
this paper, and the fluid velocity and pressure contours obtained by
the calculation of CFD under the maximum and minimum stroke
respectively, the result showed that:

(1) When the stroke is constant under the maximum and min-
imum stroke, flow velocity will increase with increasing
angle in suction and discharge process, the velocity of flow
increases gradually and then decreases gradually at the same
stroke and rotate angle.

(2) When the stroke is 79 rpm, although the average velocity of
fluid flow into the suction chamber and the discharge
chamber is small, the internal of pump head will produce
pressure-holding.

(3) The gap of valve and valve seat is approximate micro hole,
and the maximum velocity is very large in the at the bottom
corner of valve, the sealing ring is easy to tear so that it
causes leakage, especially when the stroke is 299 rpm, the

fluid average velocity is too large, which will cause erosion of
the cavity parts.

(4) When the stroke is larger, the fluid go into discharge cham-

ber internal will produce the circumfluence and vortex, it
will cause vibration of pump head body, it will damage the
inner wall of the discharge chamber under the action for a
long time.
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