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Abstract

To obtain dynamic characteristics of cavitation and study the relationship between the cavitation
and inlet pressure, large-eddy simulation ( LES) is utilized to calculate unsteady flow field in the pi-
lot stage. Lamb-Oseen vortex is observed. Simulation results show that vortex cavitation exists, and
cloud cavitation begins to occur when inlet pressure reaches 7 MPa. Cavitation and cavitation-shed-
ding are enhanced by the increment of inlet pressure. The main frequencies of the pressure oscilla-
tions of vortex cavitation and cloud cavitation increase with inlet pressure increasing. By comparing
results of local cavitation and facet cavitation, it is known that cloud cavitation has a greater influ-
ence than vortex cavitation. Upon increasing the wedge length, the main frequency of vortex cavitati-
on increases whereas that of cloud cavitation decreases, the volume fraction of the vapor phase and
the energy efficiency decrease. Considering the above characteristics and the easiness of the process,
the optimal wedge length is 0. 03 mm.
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0 Introduction

Jet pipe servo-valves act as hydraulic elements
with high precision and strong antipollution ability and
are widely used in the aerospace, industrial, and auto-
motive fields. The present research into jet pipe servo-
valves focuses on replacing the valve material, impro-
ving the processing technology, and testing the valves.
However, no complete and accurate mathematical mod-
el of jet pipe servo-valves is yet available''’.

Many studies looked into the internal flow field of
the pilot stage of the jet pipe servo-valve' ™. For ex-
ample, Yang”' used k-e and Reynolds stress model
(RSM) turbulence models to simulate the flow field in
the pilot stage, and conduced visualization experiments

The

mathematical models of recovery pressure and recovery

with an enlarged model to observe cavitation.

flowrate of the pilot stage were obtained, and the influ-
ences of the structure size were analyzed by Ref. [4].
Ref. [5] used a piezoelectric dynamic pressure trans-
ducer and a microphone to measure the self-excited
high-frequency pressure oscillations and noise in a hy-

draulic jet pipe servo-valve. The results showed that
high-frequency pressure oscillations are produced by
shear-layer instability inside the flow field between the
jet pipe and the 2 receiving ports'>'. The influences of
boundary conditions and structure parameters on the
characteristics of the flow field in the pilot stage were
studied by Pham et al. '® and Hiremath'"’.

to date, the dynamic characteristics of the flow field in

However,

the pilot stage of the jet pipe servo-valve, especially
transient cavitation, have yet to be analyzed. It is thus
important to study the dynamic characteristics of the
flow field in the pilot stage of a jet pipe servo-valve.
In recent years, cavitation bubbles in the hydrau-
lic elements have been widely studied because they
constitute a common physical phenomenon that often
occurs at the entrance of the hydraulic pump and hy-
draulic valve and in the internal flow field near the lo-
01 With the

rapid development of computing power, highly efficient

cal low pressure caused by sharp edges

and precise numerical calculation methods can produce
realistic simulations and have been widely used to stud-
y micro-flow fields'""'. Large-eddy simulation ( LES)
has been developed for years and can capture transient-
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flow fields containing cavitation phenomena that are not
captured by the Reynolds-averaged Navier-Stokes
(RANS) approach'""!. Ref. [12] concluded that LES
method was more suitable for calculating complex flow
fields as LES could better predict the details of the tur-
bulent flow.

In the present work, the LES method is utilized to
simulate the transient flow field of the pilot stage of a
jet pipe servo-valve. Cloud cavitation and vortex cavi-
tation occur in the flow field. This work discusses how
the inlet pressure and the wedge length affect cavitation
and obtain main frequencies of cavitation-induced pres-
sure oscillations by fast Fourier transform ( FFT). Fi-
nally, this work proposes a method to improve the sta-
bility of the jet pipe servo-valve and determine the opti-
mal length of the wedge.

1 Working principle of jet pipe servo-valve

Fig. 1 shows a schematic diagram of a jet pipe ser-
vo-valve. With no control current, the jet pipe remains
in the neutral position, and equal fluid flow passes
through 2 receiver holes. When a control current is
passed through the torque motor, the motor produces a
torque that rotates the jet pipe. The displacement of
the jet pipe then directs a focused jet more into one re-
ceiver hole than into the other, creating a pressure
difference at the ends of the spool, which forces the
spool to move. Because the jet pipe is connected to the
spool by the feedback spring, the jet pipe returns to
the null position until the spool is balanced. As a re-
sult, the spool opening is proportional to the control
current.

> Torque

Jet pipe

Receiver

Feedback spring

Spool
Fig.1 Schematic diagram of a jet pipe servo-valve

When the high-speed fluid shoots into the receiver
holes, the kinetic energy is then converted as pressure
energy to move the spool. Meanwhile, the submerged
jet, impinging jet, secondary reflux, and cavitation are
produced when the jet impinges on the edges of the re-
ceiver holes. Cavitation is generated when the pressure
is less than the saturated vapor pressure and it degrades
the performance of the entire valve. Thus, it is essen-

tial to properly understand the dynamic characteristics
of cavitation in the pilot stage of jet pipe servo-valve.

2 Numerical method

2.1 Details of geometry

Fig.2(a) and Fig.2(b) show the detailed 3-di-
mensional geometry of the flow field in the pilot stage of
a jet pipe servo-valve. The length b and diameter d1 of
the nozzle are 0. 4 mm and 0. 64 mm, respectively.
The height of the jet pipe, diameter d of the receiver
channel, diameter D and height & of the in-between
flow region are 17 mm, 0.8 mm, 6 mm, and 0.4 mm,
respectively. The wedge length [ at the receiver en-
trances is 0.03 mm. The nozzle in a jet pipe servo-
valve is shown in Fig.2(c). The origin of coordinate
system is at the middle of the 2 receiver entrances. In
this work, the performance of the transient flow field

f—=—> Inlet

Jet pipe «———

Nozzle
In-between region

Receiver channels

(a) Detailed 3-dimensional geometry of flow field in

pilot stage of jet pipe servo-valve

D

(b) Enlarged view of dotted box in (a)

(¢) Photograph of nozzle in a jet pipe servo-valve

Fig.2 Geometrical model of pilot stage
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when the jet pipe is in the neutral position is studied.
To speed up the calculation, a quarter of the total
mode is defined as the computational domain.

2.2 Mesh division and boundary conditions

The meshing module ICEM within ANSYS is used
to divide an unstructured mesh, which is more suitable
for simulating flow fields with complex shapes and al-
lows more convenient control of mesh size and node

density' ).

Mesh refinement is applied to the meshes
at the nozzle and wedge, as shown in Fig.3. During
the simulation, the pressure at the inlet is set to
5 MPa, 7 MPa, 9 MPa, and 11 MPa, whereas the out-
let pressure is set to 0.1 MPa. Symmetry boundaries
are set on the symmetry planes of the model. Other

planes are defined as non-slip walls.

O X

z

Fig.3 Detail of meshes

2.3 Solution methods and convergence criteria

To accelerate the simulation convergence, the sin-
gle-phase flow field is obtained by the RNG k- model
and then is used as the initial condition for LES. The
convergence criteria are set with residuals less than
10 °. The Simple scheme is used for pressure-velocity
coupling. The first-order upwind for the volume frac-
tion and the bounded central difference for momentum
discretization are applied. PRESTO! is chosen as the
pressure-discretization method because it is suitable for
both tetrahedron and hexahedron grids. Based on
Ref. [16], the time step is set to 1 x 10 ° s. The den-
sity and viscosity of liquid phase are 850 kg/m’ and
0.0391 kg/(m - s), density and viscosity of the vapor
phase are 0. 0025 kg/m’ and 1 x 10> kg/(m - s).
The saturated vapor pressure is 3 000 Pa.

2.4 Mesh independence

To better capture the dynamic characteristics of
cavitation, the mesh independence should be verified.
Table 1 shows the results of the mass flow rate () and
vapor volume fraction V in the central plane (Z =0) of
computational domain with 3 types of mesh. All the re-
sults are the mean value of 2 000 time steps with an in-
let pressure of 7 MPa. The quantities () and V both in-

crease with the number of elements. However, the
difference between meshes 2 and 3 is very small. To
optimize computing resources, mesh 2 is used in this

work.
Table 1  Results of study of mesh independence
Mesh Number of elements Q (kg/s) V(%)
1 192 187 0.00595 1.097
2 251 844 0.00618 1.104
3 322615 0.00621 1.107

3 Results and discussions of simulations

In the pilot stage of jet pipe servo-valve, the high-
speed jet shoots into the receiver holes downstream.
The jet strength is the greatest in the central plane (Z
=0), and the cavitation phenomenon is the most evi-
dent here. So this work focuses on analyzing the flow
field in the central plane.

3.1 Analysis on vortex at receiver entrance

Fig. 4 shows the velocity vector in the local region
of the central plane at 0.04 s with an inlet pressure of
7 MPa. There exists a vortex at the entrance of the re-
ceiver where easily produces cavitation phenomenon.
To learn the characteristic of the vortex and the re-
duced cavitation, the velocity magnitudes at the receiv-
er entrance under inlet pressures of 5 MPa, 7 MPa,
9 MPa,
Fig.5(a). The vortex centers are located at about x =

-0.4 mm.

and 11 MPa are exiracted, as shown in

Sharp corner

Fig.4 Results of velocity vector in local region of central plane
Z =0 with an inlet pressure of 7 MPa

The velocity of Lamb-Oseen vortex may be ex-
pressed in cylindrical coordinates as follows;

U=[1-exp( =) ]1/r (1)
where, U is the velocity in the tangential direction,
and r is the radius from the vortex core. Fig.5(b)
shows the profile of a Lamb-Oseen vortex. The velocity
profile of vortices at the receiver entrance almost mat-
ches the profile of the Lamb-Oseen vortex. In other
words, the property of cavitation at the entrance of re-
ceiver is related to Lamb-Oseen vortex.
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Fig.5 Comparison of velocity profiles between vortices at the receiver entrance and the Lamb-Oseen vortex

3.2 Analysis on local cavitation

When the inlet pressure is 5 MPa, the transient
vapor fraction in the central plane is shown in Fig. 6.
Cavitation mainly exists at the entrance of receiver.
Numerical results show that the cavitations remain con-
stant over time.

Fig.6 Transient vapor fraction contours in central plane with

time steps of 2 X 10 ~* s with inlet pressure of 5 MPa

Fig. 7 shows the transient cavitation patterns in the
central plane with an inlet pressure of 7 MPa. Combi-
ning Figs 4 and 7, the reason each cavitation forms is
deduced. The vortex cavitation at the receiver entrance
is produced by the high shear between the jet shooting
downstream with respect to the nozzle and the reflux
moving upstream from the receiver. The -cavitations
have a small dithering with time and do not move with
the fluid. Because cavitation increases the instability of
the flow field, it is important to study the dynamic
characteristics of the flow field in the pilot stage. Dur-
ing numerical simulations, the transient pressures are

monitored at the 2 points shown in Fig. 7. FFT is used to

] uxH’ﬁi 29701 _IfEe-‘!

Piont 2

Piont 1 ﬂ

(@¢ (b) t+2x107° s

(c) t+4x10° s

obtain the main frequencies of the pressure oscilla-
tions. Point 1 is in the vortex cavitation, point 2 in the
cloud cavitation near the outlet.

Fig.8 shows the simulation results for an inlet
pressure of 9 MPa. The vortex cavilation changes
slightly with inlet pressure. Compared with Fig. 7, the
patterns of transient cloud cavitation differ significant-
ly. The cavitation located at the sharp corner and near
the outlet is produced by the flow over the sharp cor-
ner. Vortex cavitation has a small dithering with time
and does not move with the fluid. Cloud cavitation
grows and collapses with time. Figs 8(a —c) show the
growth of the cloud cavitation, which grows toward the
outlet. The cavitation in the wake grows to 76% of the
radius of in-between flow region and begins to shed in
Fig.8(d). The shedding cavitation is then entrained
downstream. Finally, the cavitation collapses upon ap-
proaching the high-pressure area near the outlet
(as shown in Fig.8(f)). In other words, after the cav-
itation grows to a certain degree, the cavitation in the
wake begins to shed, and this shedding cavitation is en-
trained downstream by the fluid. In the high-pressure
area, the shedding cavitation collapses. At 9 MPa, the
location of point 1 is the same as in Fig. 7, whereas the
monitoring point in the cloud cavitation changes to point
3 according to the location of the shedding cavitation.

38401 T4

43201 3 ?Me—m

(d) £+6x1075 s (e) t+8x1075s

Fig.7 Transient vapor fraction contours in central plane during one shedding cycle with time steps of 2 x107> s with inlet pressure of 7 MPa
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Fig.8 Transient vapor fraction contours in central plane during one shedding cycle with time steps of 2 107> s with inlet pressure of 9 MPa

Fig.9 shows the simulation results with the inlet
pressure at 11 MPa. The patterns are the same as for
9 MPa, and the cavitation in the wake approaches the
outlet. The total cavitation area and the maximum va-
por fraction both increase with increasing inlet pres-
sure. The cavitation grows in Figs9(a —c), sheds in

Fig.9(d) and Fig.9(e), and collapses in Fig. 9(f). The

297e-01

(b) £+2x107 s

(a)t (c)t+4x107°s

4 i&ea“ 3801

mean value of the facet-averaged vapor fraction in the
central plane for 2 000 time steps is 0. 0054 for 5 MPa,
0.0074 for 7 MPa, 0.0108 for 9 MPa, and 0.0179 for
11 MPa. With inlet pressure increasing, the area of the
vortex cavitation changes slightly, but the cloud cavita-
tion depends strongly on inlet pressure.

T4

3 92!! I. !le—m
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g
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Fig.9 Transient vapor fraction contours in central plane during one shedding cycle with time steps of 2 x10 s and inlet pressure of 11 MPa

FFT results of pressure at monitoring points with
different inlet pressures are shown in Fig. 10. The main
frequencies of vortex cavitation and cloud cavitation are
4688 Hz and 1465 Hz for 7 MPa, 6250 Hz and
2051 Hz for 9 MPa, 7910 Hz and 3125 Hz for
11 MPa, respectively. Comparing the FFT results for
different inlet pressures shows clearly that more fre-

quency components appear as the inlet pressure increa-
ses, indicating that the flow field becomes more turbu-
lent. Furthermore, as the inlet pressure increases, the
frequencies of pressure oscillations induced by vortex
cavitation and shedding cavitation increase. To induce
the cavitation phenomena, the pilot stage should thus
be operated in a relatively low range of inlet pressure.
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Fig.10 Frequency spectrum obtained by fast Fourier transform at monitoring points with different inlet pressure

3.3 Analysis on facet cavitation

As the local cavitation fraction reflects the vapor
of one point, its reference significance is limited. In
order to make a better quantitative analysis of cavitation
in the flow field, facet-average cavitation fraction is
proposed to reflect the average effect of cavitation in
flow field. In the discrete domain of numerical calcula-
tion, o, is defined as shown in Eq. (2).

o (1) :%Ea(i,t)AS (2)

where , NV is number of facets in the calculated surface.
a(i, t) is vapor fraction of the ith element.

When the inlet pressure is 7 MPa, 9 MPa, 11 MPa,
the transient characteristics of facet cavitation on the
central plane are shown in Fig. 11 respectively. The
facet-cavitation is sensitive to the inlet pressure. It can
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be seen that the main frequency increases with the in-
crease of the inlet pressure. By comparing the results
of local cavitation, it is known that the main frequency
of cloud cavitation is close to that of facet cavitation.
So cloud cavitation has a greater influence than vortex

cavitation.
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Fig. 11 Characteristics of facet-cavitation in the central plane

with different inlet pressure
4 Influences of outlet pressure

As the pressure field has a great relationship with
the cavitation phenomena, it is indispensable to study
the influence of the outlet pressure. Here, the outlet
pressure is set to 1, 2 , 3 bar with inlet pressure
7 MPa (Fig. 12). With the outlet pressure increasing,
the vortex cavitation becomes smaller, while the cavita-
tion at the sharp corner and the cloud cavitation are
eliminated gradually. It is concluded that the method
of increasing the outlet pressure is effective to avoid the
cavitation phenomena in terms of the amount of the va-
por.

Fig.12 Contours of volume fraction of phase 2 in central plane

when the outlet pressure is 1, 2, 3 bar (from left to right)
5 Influence of wedge length

The jet with high speed impinges on the wedge
when shooting into the receiver, the kinetic energy will
be converted into pressure energy to move the power
stage at the same time. The wedge affects the flow
structure and the energy near the entrance of receiver.
To study the influence of the wedge length, the flow
fields for wedge lengths of 0. 02 mm and 0. 04 mm with
an inlet pressure of 9 MPa is studied. The pressure os-
cillations of the vortex cavitation and the cloud cavitati-
on with various wedges are monitored via simulation.
The FFT of the pressure oscillations appear in
Fig. 13(a). Upon lengthening the wedge, the main
frequency of the vortex cavitation increases and the

main frequency of the cloud cavitation decreases.
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(a) Main frequencies at monitoring points in vortex cavitation
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(b) Energy ratio and the vapor volume in the pilot stage as
a function of wedge length
Fig. 13 Influence of wedge length on performance of flow field
in pilot stage

In the pilot stage, the wedge affects the impinging
jet and vortices which will lead to energy loss. Thus,
the energy loss between the nozzle and the receiver is
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studied. To determine how the wedge affects energy
loss, the ratio of energy at the surface y = —0.3 mm to
the energy at the exit of the nozzle is calculated. With
increasing wedge length, this energy ratio decreases,
as shown in Fig. 13(b) (solid line). The difference in
this ratio between a wedge of 0. 02 mm and one of
0.03 mm is about 0. 02 mm, but the energy ratio de-
creases quickly from 0. 03 mm to 0. 04 mm wedge
length. Dotted line in Fig. 13(b) shows that the vol-
ume fraction of the vapor decreases with increasing
wedge length. The pilot stage performs better with a
shorter wedge, but it is difficult to process a tiny
wedge. Above all, a reasonable wedge length is

0.03 mm.
6 Conclusion

LES method is utilized to make transient simula-
tions of flow fields in the pilot stage of a jet pipe servo-
valve in order to analyze cavitation phenomena and the
induced pressure oscillation. Lamb-Oseen vortex is ob-
served at the entrance of receiver. The patterns of cavi-
tation depend strongly on the inlet pressure. When the
inlet pressure is less than 5 MPa, the cavitation mainly
involves a vortex cavitation at the receiver entrance.
When the inlet pressure exceeds 7 MPa, vortex cavita-
tion remains stationary at the same position, albeit with
a small jitter in shape, and cloud cavitation begins to
occur. When the inlet pressure is 9 MPa, cloud cavita-
tion sheds near the outlet, and then collapses as it
moves downstream to the high-pressure zone. The fre-
quencies of the pressure oscillation induced by cavitati-
ons increase with increasing inlet pressure. By compa-
ring with the characteristics of facet cavitation, it is
concluded that cloud cavitation has a greater influence
than vortex cavitation. With the outlet pressure increas-
ing, vortex cavitation becomes smaller, while cavitation
at sharp corner and cloud cavitation are eliminated grad-
ually. Decreasing inlet pressure or increasing outlet
pressure is effective to avoid cavitation phenomena.

Upon increasing the wedge length, the main fre-
quency of the vortex cavitation increases whereas that
of the cloud cavitation decreases. The volume fraction
of the vapor and the energy efficiency decrease, and
decrease sharply from 0. 03 mm to 0. 04 mm wedge.
Considering the above characteristics and the easiness of
the process, the optimal length of the wedge is 0.03 mm.
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