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Cavitation of a Submerged Jet 
at the Spherical Valve Plate/Cylinder Block 
Interface for Axial Piston Pump
Bin Zhao1,2,3*, Weiwei Guo1 and Long Quan1,2

Abstract 

The spherical valve plate/cylinder block pair has the advantages of strong overturning resistance and large bear-
ing area. However, the configurations of the unloading and pre-boosting triangular grooves on the spherical valve 
plate are different from those in the planar valve plate, resulting in special cavitation phenomenon on the spherical 
port plate pair. In order to study cavitation characteristics of spherical port plate pair, a dynamic CFD model of the 
piston pump including turbulence model, cavitation model and fluid compressibility is established. A detailed UDF 
compilation scheme is provided for modelling of the micron-sized spherical oil film mesh, which makes up for the 
lack of research on the meshing of the spherical oil film. In this paper, using CFD simulation tools, from the perspec-
tives of pressure field, velocity field and gas volume fraction change, a detailed analysis of the transient evolution of 
the submerged cavitation jet in a axial piston pump with spherical valve plate is carried out. The study indicates the 
movement direction of the cavitation cloud cluster through the cloud image and the velocity vector direction of 
the observation point. The sharp decrease of velocity and gas volume fraction indicates the collapse phenomenon 
of bubbles on the part wall surface. These discoveries verify the special erosion effect in case of the spherical valve 
plate/cylinder block pair. The submerged cavitation jet generated by the unloading triangular grooves distributed on 
the spherical valve plate not only cause denudation of the inner wall surface of the valve plate, but also cause strong 
impact and denudation on the lower surface of the cylinder body. Finally, the direction of the unloading triangular 
groove was modified to extend the distance between it and the wall surface which can effectively alleviate the ero-
sion effect.
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1  Introduction
In hydraulic system, cavitation is one of the main reasons 
that cause mechanical vibration, noise, and deteriora-
tion of the reliability and durability of pumps and valves 
[1–5]. To reduce the effect of cavitation on the hydrau-
lic components, a large number of studies on cavitation 
phenomenon in high pressure, high rotating speed and 
high precision hydrodynamic system components have 
been carried out. Cavitation is defined as the process in 

which the local pressure of the fluid falls below the satu-
rated vapor pressure, and the gas evolves from the dis-
solved state to cause erosion [6]. Cavitation will denude 
mechanical parts, which will lead to a series of chain 
effects such as abrasive wear, poor sealing effect of com-
ponents and reduction of load-bearing capacity [7].

The research on cavitation in axial piston pump can 
be divided into two basic branches [8]: One is the mac-
roscopic study of cavitation in hydraulic pumps, which 
involves the precipitation and digestion of bubbles and 
the process of bubble transport with fluid [9], such as 
cavitation caused by friction loss and local pressure 
loss of the oil suction pipeline [10], cavitation caused 
by low oil suction pressure [11, 12], cavitation [10–13] 
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caused by instantaneous increase of piston-cylinder 
volume while oil fails to fill in time. This kind of cavi-
tation phenomenon can be avoided by increasing the 
suction oil pressure [14, 15], optimizing the structure of 
the oil inlet and waist-shaped holes [16, 17], and using 
a spherical valve plate instead of a planar valve plate 
[18, 19]. The other hand is to study the cavitation phe-
nomenon caused by micro-jet in the special structure 
of a piston pump [20]. In the first situation mentioned 
above, the bubble generation can be attributed to vol-
ume expansion, while the bubble generation of the sub-
merged jet is due to the sudden change of the oil flow 
rate. At present, the cavitation phenomenon caused by 
the oil flow rate has been studied correspondingly. Ye 
et  al. [21] conducted a transient analysis on the fluid 
physical characteristics near the damping hole of the 
valve plate. The evolution process of the damping hole 
being eroded by the bubble-carrying fluid is explained 
in detail, and the relationship between the fluid velocity 
and the erosion area is confirmed. Liu [22] proposed a 
method to evaluate the cavitation characteristics of the 
triangular groove of piston pump by analyzing the jet 
angle at the outlet of the decompression groove. The 
erosion phenomenon of pre-pressure boosting triangu-
lar groove on piston cavity and distribution plate was 
inferred.

According to the above researches, it can be found 
that there is a certain relationship between the micro-
jet cavitation phenomenon and the structure of the valve 
plate. At present, the existing submerged jet cavitation 
researches are all based on the planar distribution plate 
[23–25]. With the development of high speed, high pres-
sure, and large displacement axial piston pump, spheri-
cal valve plate has been applied in the axial piston pumps. 
However, the research on cavitation phenomenon of 
spherical valve plate/cylinder block pair is utmost rare 
at present. On the spherical valve plate/cylinder block 
pair, there is a height difference between the outer edges 
and inner edges both on the valve plate and the cylin-
der block, which will affect the structure of the triangu-
lar groove on the valve plate. Therefore, compared with 
planar valve plate/cylinder block pair, the cavitation phe-
nomenon and erosion must have a certain particularity in 
the spherical valve plate/cylinder block pair.

Many research results show that in the piton pump, the 
cavitation phenomena of fluid micro-jet is similar to the 
high-speed submerged jet. Toshiharu et  al. [26] studied 
cavitation erosion caused by the impact of the hydraulic 
oil on the plane and grooves. The research results show 
that the maximum mass loss of cavitation erosion has 
corresponding best confrontation distance, and the mass 
loss decreases with the increase of the oil impact angle. 
Hutli et  al. [27–29] used the cavitation submerged jet 

device to directly observe the cavitation evolution pro-
cess, obtaining the relationship between erosion rate 
and hydrodynamic conditions, geometric conditions and 
fluid properties. The static study of cavitation submerged 
jet has great guiding significance for understanding and 
improving sub-merged jet in axial piston pump.

With regard to the current research on the jet phenom-
enon of the triangular groove, the researchers only cap-
tured the moment when the micro-jet is generated, and 
then rashly inferred the subsequent cavitation phenome-
non. In order to study the cavitation phenomenon of flow 
field under the condition of using spherical valve plate/
cylinder block pair, the hydrodynamic hybrid simulation 
model of a piston pump with spherical valve plate/cylin-
der block pair is established firstly by using UDF surface 
modeling technology, which solves the problem that it is 
difficult to model the fluid domain of micron-level large 
curvature spherical oil film. Then, reference points near 
different erosion wall positions are established in the 
simulation model. The evolution process with cylinder 
angular displacement of triangular groove jet pressure, 
velocity and gas volume fraction cloud image is ana-
lyzed in detail. In the process, the structural differences 
between plane valve plate and spherical valve plate are 
also compared. Finally, by combining the cloud image 
evolution process with the velocity vector direction and 
the change of gas volume fraction at the reference points, 
the simulation results and the experimental results are 
compared to verify the cavitation damage mechanism of 
the flow distribution plate and the bottom of the cylin-
der. Considering the best standoff distance of submerged 
jet, the deflection angle of triangular groove is changed to 
extend the standoff distance, and the feasibility of struc-
tural optimization is verified from the simulation level.

Figure 1  Schematic diagram of axial piston pump with spherical 
valve plate/cylinder block pair
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2 � Mathematical Model and Simulation Modeling
The structural diagram of the axial piston pump is shown 
in Figure 1. The rotor is mainly composed of spline main 
shaft, cylinder body, piston and sliding shoe, and the sta-
tor is mainly composed of housing, swashplate, valve 
plate, and pump cover. When the splined spindle drives 
the cylinder body to rotate, 9 pistons will reciprocate in 
the cylinder body to complete the work of oil suction 
and discharge. In order to alleviate the hydraulic impact 
and over-pressure relief of the piston at the top and bot-
tom dead centers during the oil suction and discharge 
conversion process, a pre-boosting triangular groove 
and an unloading triangular groove are set on the valve 
plate. The spherical structure of the valve pair requires 
that the triangular grooves are arranged obliquely on the 
spherical surface in a transverse direction. Compared 
with plane valve plate/cylinder block pair, the spheri-
cal valve plate/cylinder block pair increases the bearing 
area and oil absorption area. Meanwhile, the orientation, 
high head difference and opening degree of the triangu-
lar groove are changed, which is bound to affect the pre-
boosting and depressurizing process of the triangular 
groove.

2.1 � Computational Fluid Dynamics Mathematical Model
2.1.1 � Governing Equations
The dynamic fluid flow process is governed by the laws of 
physical conservation. Under constant temperature con-
dition, the fluid moves together with the gas and steam 
contained in the fluid. The basic integral of mass and 
momentum conservation of the mixture is expressed as 
follows:

where Ω(t) is the volume of the calculation domain or 
control volume that changes with time, σ is the surface of 
Ω(t), n is the normal pointing outward to the surface σ, ρ 
is the fluid density, p is the static pressure, f is the force 
exerting on the calculation domain or control volume, v 
is the fluid velocity, and vσ is the surface motion veloc-
ity. Shear stress tensor τ̃ is a function of fluid viscosity 
μ and velocity gradient. For Newtonian fluids, it can be 
expressed as follows:

(1)
∂

∂t

∫

Ω(t)
ρdΩ +

∫

σ

ρ(v − vσ ) · ndσ = 0,

(2)

∂

∂t

∫

Ω(t)
ρvdΩ +

∫

σ

ρ[(v − vσ ) · n]vdσ

=
∫

σ

τ̃ · ndσ −
∫

σ

pndσ +
∫

Ω

f dΩ ,

where ui (i = 1, 2, 3) is the component of velocity ν and δij 
are Kronecker Delta function.

In order to simulate the flow field characteristics 
more realistically, the turbulence and steam dynamics 
physical models should be coupled under the consid-
eration of basic conservation laws.

2.1.2 � Turbulence Model
For high-speed axial piston pumps, the high Reynolds 
number turbulence model, i.e., the standard k-ε model, 
should be used for the fluid in the calculation domain. 
Because the cavitation evolution near the wall is con-
sidered, the turbulence model with low Reynolds num-
ber should be used for the fluid domain model near the 
wall. Therefore, RNG k-ε model is used to describe [30].

Compared with the standard k-ε model, the RNG 
model adds a condition, namely c2(RNG), which is 
defined as follows:

The strength strain η is calculated by the following 
equation.

The empirical constants c1, c2, σk, and σε are 1.44, 1.92, 
1, and 1.3, respectively. The empirical constants η0 and 
β of RNG model are 4.38 and 1.92, respectively. k is tur-
bulent kinetic energy; ε is the turbulence kinetic energy 
dissipation rate; μ is the fluid viscosity; P is the local 
pressure value.
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2.1.3 � Cavitation Model
The cavitation model is a key physical model for study-
ing the change process of liquid phase under pressure 
change conditions. The original cavitation model pro-
posed by Singhal et al. [31] describes the steam distri-
bution as shown in Eq. (8):

where Ω(t) is the volume of the calculation domain or 
control volume that changes with time, σ is the surface of 
Ω(t), n is the normal pointing outward to the surface σ, ρ 
is the oil density, f is the mass fraction of steam, v is the 
fluid velocity vector, vσ is the surface motion velocity vec-
tor, Df is the vapor diffusion rate, μt is turbulent viscosity, 
σf is Prandtl number, steam precipitation Re and digestion 
rate Rc are respectively expressed as following equations.

where Ce and Cc are cavitation evaporation and conden-
sation coefficients, respectively (the best Ce and Cc are 
obtained through hundreds of permutation and combi-
nation simulations, taking 0.02 and 0.01 respectively). ρl 
and ρv are density of steam and gas, respectively. p and 
pv are liquid pressure and vapor pressure, respectively. fv 
and fg are mass fraction of steam and gas respectively.

In the full cavitation model, the working fluid is 
assumed as a mixture of liquid, vapor and non-conden-
sable gas. The density of the mixture is expressed by the 
following equation:

where ρg is the gas density. Then the gas volume fraction 
αg and the steam volume fraction αv are calculated by the 
following equation:

(8)

∂

∂t

∫
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ρf dΩ +

∫

σ

ρ[(v − vσ) · n]f dσ
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(
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∫
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(9)Re = Ce · ρlρv
[

2

3
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ρ

]
1
2
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(10)Rc = Cc · ρlρv
[

2

3

(p− pv)

ρ

]
1
2

fv,

(11)
1

ρ
= fv

ρv
+

fg

ρg
+

1− fv − fg

ρl
,

(12)αg =
fgρ

ρg
,

(13)αv =
fvρ

ρv
.

2.2 � CFD Model Grid Establishment
Reasonable design and high-quality generation of fluid 
domain grids are prerequisites for simulation calcula-
tion. The oil film has a considerable influence on the 
performance of the piston pump, and the oil film of 
the piston-cylinder pair is the main internal leakage 
mode in the piston pump. Therefore, compared with 
the previous three-dimensional CFD modeling without 
considering the lubricating oil film, the whole pump 
internal flow field model in this study can more accu-
rately and completely simulate the three-dimensional 
complex flow state inside the pump. The existence of 
the oil film will definitely affect the triangular groove 
unloading efficiency, thus further affecting the jet state. 
For the spherical oil film between valve plate and cyl-
inder block, because the thickness of the oil film is 
micron-sized and has a spherical structure with large 
curvature, the method of drawing and exporting the 
fluid domain by three-dimensional mapping software is 
not applicable. On the one hand, the generation of grid 
is completed on the basis of STL file, which uses a lim-
ited number of polylines when expressing the spheri-
cal surface. The first approximation is formed in the 
process. Secondly, the generation of spherical mesh is 
the best approximation to the STL file’s shape, which 
forms the second approximation of the mesh shape. 
Therefore, the accuracy of the mesh generated by this 
method must be quite different from the actual situa-
tion, making it more difficult to accurately represent 
the spherical curvature of the oil film. In this study, 
the UDF function mesh transformation method is 
adopted. In the PumpLinx software, the specified area 
of the plane oil film is modified according to relational 
expression. The spherical surface is formed by continu-
ously modifying the actual position of the next mesh 
node. The accuracy of the spherical curvature can be 
improved by increasing the density of the grids. The 
three-dimensional binary tree Cartesian grid of the 

Figure 2  Three-dimensional whole pump binary tree Cartesian grid 
for axial piston pump
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axial piston pump with spherical oil film built by the 
above manner is shown in Figure 2. The C program to 
extend PumpLinx is as follows:

 
The coordinates are related to the original center set by 

the user. The position of the coordinate origin is shown in 
Figure 2. The following coordinate system is established 
as according to the origin. R is the spherical radius and L 
is the diameter of the outer edge of the distribution plate. 
The oil film thickness was set to 10 μm, and the number 
of mesh layers was set to 5 to describe the gap leakage.

In addition, during the meshing process, mesh refine-
ment was carried out on the valve plate surface and the 
two triangular relief grooves which contacted with the 
dynamic mesh of the piston.

2.3 � Boundary Conditions and Model Parameter
The “Inlet” shown in Figure 2 is set as the pressure inlet 
boundary condition (0.1 MPa); the “Outlet” is set as 
the pressure outlet boundary condition (30 MPa). Mis-
matched grid interface (MGI) exists between the Inlet/
Outlet port and the valve passages, the valve passages 
and the spherical oil film fluid domain, and the spherical 
oil film fluid domain and the piston assembly. The MGI 
surface is used to simulate the fluid transmission between 

rsphere = R

rrange = L2

rxy = x2 + y2

r mod =
(

rxy > rrange
)

?rrange : rxy

dz = rsphere ∗
(

r2sphere ∗ r mod

)0.5

znew = z − dz

different fluid domains. Considering the leakage between 
the inner and outer edges of the spherical oil film, the 
edges is set as the pressure outlet boundary condition 
(2 MPa). Except for the inlet/outlet boundary and MGI, 
other boundaries are uniformly set as solid wall surfaces. 
Although the liquid flow in the pump body is mostly con-
sidered as turbulent, the flow near the solid wall is mostly 
laminar. Therefore,RNG k-ε model with low Reynolds 
number flow viscosity analytical equation is adopted in 
the simulation model.

The inclination angle of swash plate of piston pump 
is set to the maximum allowable angle (15°), and other 
relevant simulation parameters are shown in Table 1. In 
the simulation software, the time step for each piston 
rotation is set to 40 steps, and there are 9 piston cham-
bers. The time step for on rotation cycle is 360 steps, 
in other words, the piston chamber rotates 1° for each 
step. In order to obtain the simulation results during 
stable period, the simulation was conducted for 5 steps 
in advance and the simulation results for the sixth steps 
were taken for research.

2.4 � Mesh Sensitivity Analysis
The accuracy of the grid directly determines the accuracy 
level of the calculation. In order to determine the optimal 
grid size, 6 sets of calculation models are obtained by set-
ting different grid parameters. The accurate calculation 
model will have a smaller flow rate error (ΔQ%). The flow 
error is calculated using the following equation:

where Qinlet and Qoutlet are the import and export flow 
rate, respectively.

The six sets of different mesh models are calculated on 
a computer with 16 cores and 32 Gb RAM. Each three 

(14)�Q% =
|Qinlet − Qoutlet|

Qoutlet
× 100%,

Table 1  Model simulation parameter settings

Parameter value

Liquid density (kg/m3) 865

Rotational speed (r/min) 1500

Valve plate deflection angle ψ0 (°) 5.5

Spherical radius of curvature (mm) 396 ± 0.3

Temperature (K) 313.15

Dynamic viscosity (Pa·s) 4.464 × 10−5

Saturation pressure (MPa) 0.004

Liquid bulk modulus (MPa) 1.5 × 103

Gas mass fraction 9 × 10−5

Gas molecular weight 28.97

Vapor molecular weight 300
Figure 3  Definition of monitoring points and cross sections in CFD 
numerical model
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sets of calculations run at the same time, which takes 5 to 
7 days. After about two weeks, the simulation results and 
corresponding flow errors of each group of grid model 
are obtained. The specific grid parameters and corre-
sponding flow errors are shown in Table 2.

According to Table 2, improving the grid size and criti-
cal boundary angle can reduce the error between the 
suction and delivery flow. In the actual simulation pro-
cess, the calculation time of the sixth sets of models is 
obviously longer, however, the flow error value does not 
decrease significantly. In order to achieve the best com-
promise between accuracy and calculation time, the fifth 
group of parameters is finally selected to generate the 
model.

3 � Simulation Results and Analysis
In order to obtain the detailed flow field parameters 
and flow field cloud map distributions of the specified 
position or section in the piston pump, the observation 
points and cross sections are added in the CFD simula-
tion model, and their positions are shown in Figure  3. 
The observation point 1 (P1) is set at a position where the 
unloading triangular groove faces the valve plate inner 
wall surface and is close to the spherical oil film in the Z 
direction. The observation point 2 (P2) is set in the kid-
ney-shaped port of the cylinder and is close to the rear 
wall surface. Due to the fluid field of the piston chamber 
rotates around the rotating shaft by using a moving grid, 
the motion equation of the point P2 is set according to 
the UDF motion function to make it move synchronously 
with the piston chamber. Therefore, the data at the point 
P2 can be collected in real-time, the trajectory of P2 is 
expressed as follows:

where R0 is the distance from the point P2 to the origin, 
n is the rotor speed, φ0 is the initial phase, and zP2 is the 
vertical height from the original center.

xP2 = R0 × cos((2πn/60)× time+ ϕ0),

yP2 = R0 × sin((2πn/60)× time+ ϕ0),

zP2 = 0.021,

In addition, cross sections I and II are respectively 
created along the opening direction of the two triangu-
lar grooves and perpendicular to the Z axis, as shown in 
Figure  3. In order to elaborate evolution mechanism of 
cavitation erosion in detail, under the condition that the 
inlet/outlet mass flow error is less than 0.5%, the hydro-
dynamic parameters at each observation point and cross 
section are analyzed, such as fluid velocity and velocity 
vector diagram, gas volume fraction (GVF), gas volume 
fraction cloud image, and pressure field.

3.1 � Submerged Jet at Unloading Triangle Groove
According to the simulation settings, the negative direc-
tion of the X-axis in Figure  3 is assumed as the initial 
position of the rotor (θ = 0°). The piston chamber 1 (C1) 
is taken as the research object, and its position is shown 
in Figure  3. The point C1 starts from the initial posi-
tion and contacts with the unloading triangular groove 
after it rotates 84° clockwise. The values of the following 
parameters are obtained by the relationship between the 
rotational speed and the angular velocity. The angular 
velocity (expressed by ω = 2πn/60) is 50π revolutions per 
second and the period (expressed by T = 2π/ω) is 0.04 s. 
The measured farthest distance (expressed by L) between 
the piston wall and the rotor center is 0.0585 m. There-
fore, the outermost linear velocity of the piston chamber 
(expressed by v = ωL) is about 9.189 m/s.

Figure  4 shows the variation of fluid velocity and gas 
volume fraction (GVF) at point P1. The principal longi-
tudinal coordinate is the resultant velocity in the X and 
Y directions. Because the velocity in Z direction has little 
effect on bubble collapse, it can be ignored. In Figure 4, 
the velocity of point P1 undergoes a sharp fluctuation for 
9 cycles. The reason is that each piston passes through 
the triangular groove and causes a sharp change in the 
velocity at the observation point. Furthermore, the veloc-
ity peak value is much higher than the rotor rotation 
speed. The value of GVF at point P1 changes with the 
same frequency as the velocity, but slightly lags behind 

Table 2  Mesh sensitivity

Parameter Group

1 2 3 4 5 6

Critical edge angle 30 30 30 25 15 15

Curvature resolution 35 35 35 30 20 20

Maximum cell size 0.03 0.025 0.02 0.02 0.02 0.01

Cell size on surfaces 0.015 0.0125 0.01 0.01 0.01 0.005

Number of cells 150404 171800 180163 185882 294155 414843

ΔQ (%) 6.91 4.23 2.06 1.30 1.08 0.92
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the velocity. The reason is that the fluid flow velocity is 
always faster than that of the gas flow under the high-
speed jet carrying bubbles.

Figure 5 shows the pressure relief process of the resid-
ual high-pressure oil in C1 of the triangular groove. 
When the cylinder rotates for one cycle, the pressure var-
iation in chamber C1 is shown in Figure 6. When θ = 84°, 
the C1 is not connected to the unloading triangle groove. 
At this time, the fluid pressure in the chamber is about 30 
MPa. As shown in Figure 6, reason for the pressure over-
shoot is that C1 is out of contact with the oil outlet and 
the volume of the piston chamber is reduced along with 
the piston moving downward. The cylinder is rotated 
from 85° to 101°, the cross-sectional area of the triangular 

groove increases from 0 mm2 to 1.41 mm2, which is the 
first stage unloading of residual high-pressure oil. Dur-
ing the first stage unloading process, C1 maintains a high 
pressure of 30 MPa; when θ = 102°, C1 begins to contact 
with the ball slot, the cross-sectional flow area increases 
rapidly to 6.56 mm2, and the second stage unloading 
begins until θ = 106° complete unloading.

During the first unloading stage, the triangular unload-
ing groove acts as a jet “nozzle”. The upstream is con-
nected with high-pressure oil while the downstream is 
connected with the oil inlet of the valve plate. Due to the 
extremely high-pressure difference between the upstream 
and downstream, the oil in C1 will jet into the valve plate 
with extremely high speed. When the high-speed jet is 
injected into the static liquid domain, shear force (the 
shear force depends on the velocity gradient) will be gen-
erated between them, which will lead to the generation 
of the vortex. The vortex will generate an axial symmetry 
low pressure. The low pressure will lead to the formation 
of an annular cavitation cloud around the jet. The evolu-
tion process of submerged cavitation jet velocity caused 
by unloading triangular groove is shown in Figure 7.

The shape of the “nozzle” is shown as θ = 90°, and 
the opening degree of the “nozzle” increases along 
with the rotor rotation movement. During the pro-
cess of θ = 84°‒93°, the length of “nozzle” is the distance 
between the front and rear boundaries of two adjacent 
waist-shaped grooves of the cylinder body. According 
to Hitoshi Soyama [32], the distance meets the effective 
length (2.25 mm) of “nozzle” for forming a high-speed 
submerged jet. During the process of the rotor turning 
to θ = 102°, the length of the “nozzle” gradually decreases 
to 0 mm. Therefore, in the range of θ = 84°‒102°, the jet 
formed in the unloading process of C1 can be considered 
as a continuous jet. For continuous jet flow, the cavita-
tion bubbles generated in the initial vortex ring will be 

Figure 4  Point P1 fluid velocity and gas volume fraction change

Fig. 5  Evolution of pressure cloud diagram on cross section I and 
spherical oil film

Figure 6  Pressure change in the piston chamber C1
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connected with the generating bubble ring subsequently. 
The bubbles will move downstream with the jet flow and 
survive within a certain distance. As shown in Figure 7, in 
this continuous process, after the velocity vector of point 
P1 increases gradually, the velocity basically remains 
unchanged in the process of θ = 104°‒113°.

The gas volume fraction cloud image at eight different 
times on section I and spherical oil film is shown in Fig-
ure 8. The velocity vector of point P1 is also shown in the 
Figure. The gradual evolution process of cavitation sub-
merged jet along with the change of “nozzle” during the 
rotation of the rotor θ = 84°‒102° is also illustrated in Fig-
ure8. When θ = 104°, the submerged jet reaches the point 
P1, and reaches the wall of the distribution plate when 
θ = 109°. The cavitation cloud follows the movement of 
the submerged jet.

As shown in Figure 9, the above phenomenon is closely 
related to the structure of spherical valve plate pair. 
Spherical valve plate pair makes the opening direction of 
the triangular groove change from obliquely downward 

Figure 7  Velocity nephogram on cross section I and spherical oil film 
and velocity vector change at point P1

Figure 8  Gas volume fractional cloud diagram on cross section I and 
spherical oil film

The outer edge of the Valve plate/Cylinder interface

Plane 
valve plate

CylinderCylinder

Spherical 
valve plate

Figure 9  Comparison of the triangular grooves in the interface 
between the spherical surface and the plane
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to horizontally forward, causing the direction change 
of the fluid velocity vector flowing through the triangu-
lar groove. The spherical valve plate/cylinder block pair 
forms the height difference between the valve plate and 
the cylinder body between the outer edge and the inner 
edge, which makes the triangular groove opening only 
aligned with the valve plate inner wall surface become 
that the triangular groove opening faces the interface 
between the valve plate and the cylinder body.

It is also known from Figure 6 that, when the gas vol-
ume fraction at point P1 reaches the peak value (e.g., 
θ = 109°), the speed of point P1 is higher than the linear 
speed of the outermost edge of the rotor. The cavitation 
cloud will directly jet to the inner wall surface of the valve 
plate along with the high-speed flow. The cavitation cloud 
will also hit the front end surface of the previous piston 
chamber. According to the data at point P1, it can be seen 
that the velocity at point P1 decreases sharply after the 
impact, and the gas volume fraction also decreases due to 
the impact between the cavitation cloud and wall surface. 
The phenomenon also can be found by the change trend 
of the velocity at the observation point and GVF curve in 
Figure 3.

3.2 � Submerged Jet at Pre‑boosting Triangular Groove
Figure 10 shows the variation of fluid velocity and GVF 
at point P2. Due to the point P2 written in the UDF func-
tion is rotated in synchronization with C1, the speed at 
the point P2 only fluctuates one time during one rotation 
cycle of the rotor. The GVF at point P2 has also increased 
when θ = 105°, and maintains a certain gas content until 
C1 connects with the pre-boosting triangular groove. The 
main reason is that the C1 passes through the unload-
ing triangle groove to complete the unloading during 
this process. The bubble that has not collapsed is sucked 

into C1, and the cavitation bubble generated by the next 
piston cavity unloading is also jeted into C1. Figure  8 
confirms the process of bubble transfer and periodic cir-
culation in the connected product.

The pressure cloud changes at four different moments 
in Section II are shown in Figure 11. The Figure 11 shows 
the whole boosting process of C1 from contacting the 
pre-boosting triangular groove to the small hole and then 
to the ball groove. The pressure change in the C1 cavity 
during one rotation cycle of the cylinder is shown in Fig-
ure 12. During the process of the rotor turning from 263° 
to 288°, the cross-sectional area of the triangular groove 
increases from 0 mm2 to 10 mm2. Although the piston 
chamber is pre-boosted, the volume of the cavity is grad-
ually increased at this time, and the pressure in the cham-
ber is not significantly improved. There is still an utmost 
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Figure 11  Evolution of cross section II pressure cloud map

Figure 12  Pressure change in the piston chamber CI
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high pressure difference on the oil outlet. Until the piston 
chamber is completely connected with the ball groove, 
the flow area increases, and the pressure in the cham-
ber rises sharply to the load pressure, as θ = 290° shown 
in Figure  11. The phenomenon indicates that the pre-
boosting triangular groove is consistent with the unload-
ing triangular groove in the process of θ = 263°‒288°. The 
pre-boosting process also has a jet effect, and the con-
tinuous jet will lead to the generation of cavitation cloud.

Figure 13 shows the changes of velocity cloud map and 
vector at eight different moments in cross-section II. 
During the process of θ = 263°‒266°, the effective length 
of the “nozzle” is from the small hole to the top of the 
triangular groove. At this moment, the “nozzle” opening 
is small and the jet phenomenon is not obvious. When 
the front end of the piston chamber passes over the small 
hole, during the process of θ = 267°‒273°, the length of 

the “nozzle” is still the distance between the front and 
rear boundaries of the adjacent two kidney grooves. Dur-
ing this process, the jet will be impacted by the fluid in 
the small hole. The velocity cloud diagram in Figure  13 
shows that the small hole has little effect on the jet veloc-
ity. The jet still impinges on the inner wall of the cylin-
der near point P2. The jet velocity reaches its peak value 
when θ = 280°. After the jet impacts the wall, the velocity 
vector direction changes, and the speed decreases.

Figure 14 shows the changes of the GVF cloud map and 
velocity vector at eight different moments in the cross-
section II. The GVF cloud image of Section II shows that 
the bubbles spreads not only in the direction of the jet. 
This shows that although the jet velocity is less affected 
by the small orifice flow, the cavitation cloud is impacted 
by the small hole flow. The cavitation cloud is split into 
two parts into the piston cavity. One part is affected by 

Figure 13  Changes of cross section II velocity cloud map and 
velocity vector at point P2 Figure 14  Gas volume fractional cloud on cross section II
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the pre-boosting triangle groove jet to impact on the 
inner wall surface of the kidney groove of the piston cav-
ity. The other part is affected by the small hole and the 
triangular groove jet to impact on the inner wall surface 
of the piston chamber.

It can be seen from Figure10 that the GVF at the point 
P2 reaches peak value at θ = 282°. The value decreases as 
the liquid flow backflow impinges on the wall surface of 
the kidney groove. As the continuous rotation movement 
of the cylinder rotor, the pressure in the piston chamber 
increases sharply, and the cavitation bubbles generated 
by the pre-boosting triangular grooves will collapse into 
the piston chamber, resulting in vibration and noise.

4 � Discussion
Due to some characteristics of the structure of the spher-
ical valve plate/cylinder block pair, the shape of the tri-
angular groove is affected by the spherical surface. The 
two ends of the triangular groove tend to be the same 
horizontal height. There is a height difference between 
the left and right sides of the triangular groove, and the 
opening degree of the triangular groove is smaller than 
that of the triangular groove arranged in the plane. Cavi-
tation phenomenon of variable shape triangular grooves 
is studied through durability life experiments. In order to 
reduce the experimental time, the piston pump operates 
continuously under the rated working conditions: the 

inlet pressure is set to 0.1 MPa, the oil suction port is fed 
with ISO VG 46 oil at 40 5 °C, and the pressure at the oil 
outlet is 30 MPa. The piston pump runs continuously for 
1500 h with the rated speed of 1500 r/min.

Due to the continuous high load operation of the pump, 
in order to ensure the safety of the experiment and main-
tain the purity of the oil, the oil outlet is equipped with 
a filter. The oil passing through the filter is directly con-
nected to the cooling tank, so that the oil can be recycled 
without increasing the oil temperature. Of course, the 
piston pump has also taken refrigeration measures, and 
cooling tap water is circulated to cool its shell. After the 
experiment was completed, the pump was disassembled, 
and the cavitation phenomenon shown was found in the 
valve plate and piston cylinder as shown in Figure 15.

According to the transient analysis of the rotation of 
the piston chamber C1 and combining with the changes 
of the gas volume fraction and velocity vector at points 
P1 and P2 (i.e., the erosion zone in Figure 15), it can be 
seen that cavitation cloud does impact the valve plate 
and the inner wall surface of the cylinder body. Figure 16 
shows the cloud chart of gas volume fraction at the for-
mation moment of cavitation.

By carefully observing the valve plate and the cylinder 
body, it can be found that there are erosion marks not 
only on the inner wall of the waist-shaped groove at the 
oil outlet of the valve plate facing the triangular groove, 
but also on the waist-shaped groove inner wall and the 

Figure 15  Experimental cavitation photos of the spherical interface: a Cavitation damage map on the upper end of the valve plate, b Cavitation 
damage on the lower surface of the cylinder block, c Cavitation damage on the sidewall surface of the kidney trough of cylinder block
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lower end surface of the cylinder body. In addition, the 
erosion trace direction at the spherical valve plate/cyl-
inder block pair is along the rotation direction of the 
rotor. The erosion position is on the outer wall surface 
far away from the center of the rotor, and the erosion 
occurs on the upper and lower sides of the spheri-
cal pair. By comparing Figure  15 with Figure  16a, it is 
shown that the positions of cavitation area obtained by 
experiment and simulation are consistent. The velocity 
direction at observation point P1 is consistent with the 
jet direction of unloading triangular groove. Therefore 
it is concluded that the erosion of inner wall of the kid-
ney groove of the valve plate oil suction side and the 
lower bottom surface of cylinder body is caused by the 
impact of cavitation cloud cluster ejected from unload-
ing triangular groove at time of the Figure 16a.

The direction of the erosion marks on the inner side 
wall of the kidney groove of the cylinder body is oppo-
site to the rotation direction of the rotor. By comparing 
Figure 15c with Figure 16b, it is shown that the position 
of cavitation erosion area obtained by experiment and 
simulation is consistent, and the velocity direction at 
observation point P2 is consistent with the jet direction 
of pre-boosting triangular groove. It’s proved that the 
erosion of the inner wall surface of the cylinder waist 
groove is caused by the backward submerged cavitation 
jet generated by pre-boosting triangular groove at time 
of Figure  16b. The submerged cavitation jet generated 
by the pre-boosting triangular groove is affected by the 
liquid flow of the small hole. The damage degree of cav-
itation cloud on the inner wall of the waist groove will 
be slightly smaller than that on the inner wall surface 
of the valve plate and the lower surface of the cylinder 
body, as shown in Figure 15c.

By comparing the simulation results with the experi-
mental data, the cavitation prediction accuracy of the 
numerical model is verified. The results show that sub-
merged jet at unloading triangular groove and pre-pres-
sure boosting triangular groove are important inducers 
for cavitation of the piston pump. The cavitation cloud 

will survive in a certain distance under the influence of 
fluid velocity, resulting in impacting on the solid sur-
face. Refs. [28, 29] show that when the cavitation cloud 
jet reaches the wall, the cavitation flow will undergo a 
rapid phase change near the target wall, and some bub-
bles burst directly or become smaller bubbles when 
they hit the solid surface at high speeds. Under the 
influence of bubble rupture, the local pressure rises 
sharply, which makes the nearby bubbles to deform and 
combine with other bubbles or suffer oscillation rup-
ture. Then the phenomenon will continue, resulting in 
superposition of energy near the wall. The energy can 
be divided into normal and tangential directions. The 
normal stress causes plastic deformation of the pis-
ton chamber wall. The tangential force causes bubbles 
to diffuse or to be transported downstream. Bubbles 
rupture at a certain downstream point causes a larger 
area of plastic deformation, which is the incubation 
period of erosion. As time passes, the damage caused 
by cavitation goes beyond the plastic deformation, and 
the material in the erosion zone is removed. The longer 
the time takes, the more behavior will be sustained the 
behavior.

5 � Structure Optimization of Valve Plate
For the special cavitation phenomenon in the cylinder 
and the valve plate of the piston pump with spherical 
interface, the orientation of unloading triangular groove 
is modified to relieve the jet erosion on the lower surface 
of cylinder body and the inner wall surface of valve plate. 
In this way, the wear of spherical valve plate pair can be 
reduced.

Professor Ezddin Hutli at Institute of Nuclear Tech-
niques, Budapest University of Technology and Econom-
ics, has studied submerged cavitation jets. He concludes 
that when the length of submerged cavitation jets is 
equal to the standoff distance (the distance of jet noz-
zles according to the target surface to be impacted), 
there is an optimal standoff distance. The nozzle under 
this condition has the highest erosion efficiency [29]. 
On the contrary, if the confrontation distance is greater 
than the cavitation cloud length, the longer the confron-
tation distance is, the lower the erosion efficiency of the 
nozzle becomes. Based on this theory, we improved the 
unloading triangular groove structure of the valve plate. 
The improved distribution plate structure is shown in 
Figure 17.

In order to extend the confronting distance between 
the unloading triangular groove and the inner wall sur-
face of the valve plate, the triangular groove angle is 
rotated clockwise around the original triangular groove 
vertex without changing the vertex position and open-
ing degree of the triangular groove. If the confrontation 

Figure 16  Formation moment of cavitation erosion
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distance reaches the achievable limit length, a common 
tangent line exists between the ball groove at the opening 
of the triangular groove and the inner circle of the kidney 
groove of the valve plate. The center line of the improved 
valve plate triangular groove is deflected by 8.7° from the 
original center line of the triangular groove, and the con-
frontation distance is prolonged by 10.8 mm.

Because the establishment of the fluid domain model is 
carried out by importing STL files of each fluid domain 
into PumpLinx separately, only the modified valve plate 
fluid domain needs to be used to replace the original 
valve plate fluid domain. The grid encryption area cor-
responding to the original valve plate performs grid 
encryption on the improved distribution plate. The other 
relevant model parameters and boundary condition set-
tings remain unchanged. It can not only control variables 
effectively, but also save a lot of modeling time.

For the post-processing of the model, the observation 
point P1 is shifted with the Z coordinate, so that it is still 
near the inner wall surface of the valve plate and aligned 
with the unloading direction of the unloading triangular 
groove. The position of the obtained point P1′ is shown 
in Figure 17. In order to obtain the data from the stable 
period of simulation results, the model is also simulated 
for 5 rounds in advance, and the simulation data of the 
sixth cycle are taken as the simulation results to com-
pared with those of the un-modified structure. The com-
parison results of the gas volume fraction extraction are 
shown in Figure 18. The simulation results show that the 
gas volume fraction of the valve plate facing the triangu-
lar groove opening is reduced by about 20% for the modi-
fied valve plate.

The biggest difference between submerged cavitation 
jet and free jet is the shear stress which occurs between 
the jet and the surrounding stop liquid [29]. Therefore, 
the longer the confrontation distance is, the greater the 
influence of shear stress on the jet becomes. The shear 
stress will significantly affect the jet velocity and the 

motion direction of cavitation cloud. By intercepting the 
gas volume fraction nephogram as shown in Figure  19 
when submerged cavitation jet reaches the inner wall 
surface of the valve plate, and comparing with the gas 
volume fraction nephogram as shown in Figure 16a, it is 
concluded that cavitation cloud clusters appear obvious 
dispersion. Under the influence of shear force, the veloc-
ity vector length at point P1′ is significantly shorter than 
that in Figure 16a. The phenomenon indicates that the jet 
velocity reaching the wall surface is significantly reduced, 
greatly alleviating the strong erosion of submerged jet on 
the wall surface of parts.

6 � Conclusions

(1)	 A three-dimensional simulation model that can 
predict cavitation characteristics of a piston pump 
with spherical valve plate is established. The three-
dimensional hydrodynamic model for CFD simula-
tion is improved by refining the key structure grid, 
compiling the oil membrane structure with UDF 

Figure 17  Improved valve plate structure
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Figure 18  Comparison of GVF at observation points with and 
without structure modification

Figure 19  Moment of cavitation erosion
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function, and adding a motion model to simu-
late the high-speed operation of the piston pump. 
Finally, the reliability and accuracy of the numerical 
model is evaluated and verified by the best consist-
ency between numerical prediction and durability 
test data.

(2)	 The research results show that the erosion of the 
valve plate and cylinder block in the axial piston 
pump with spherical valve plate is caused by sub-
merged cavitation jet. The formation of submerged 
cavitation jet depends on the formation of “nozzle”, 
the opening of “nozzle”, and the pressure difference 
between upstream and downstream of “nozzle”. The 
erosion damage caused by cavitation submerged 
jet is closely related to jet angle and confrontation 
distance (distance from nozzle to target wall). By 
improving the structure of the distribution plate, 
i.e., prolonging the confrontation distance, the ero-
sion effect of submerged cavitation jet on the wall 
surface of parts is obviously improved The research 
provides a valuable analysis method for the engi-
neering design of the valve plate of the piston pump 
and the performance improvement of the pump in 
the future.
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