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A combined numerical-experiment investigation on the unsteady cavitation flow and pressure fluctuation characteristics in the regulating
valves is conducted in this paper. +e cavitation flow in the regulating valve is an unsteady and periodic flow which could be divided into
fixed and travelling cavitation bubbles.+e fixed cavitation bubbles are formed in the gap in the initial stage and then fell off and formed the
travelling cavitation bubbles because of the re-entrant jet. +e travelling cavitation bubbles move downstream, oscillate, and break up into
several smaller bubbles. Changes in the length/radius ratio (L/R0) of the valve spool is an important factor affecting unsteady cavitation flow
and pressure pulsation characteristics in the regulating valve.+e length of travelling cavitation bubbles increases firstly and then decreases
with increasing time. With the increase of the length/radius ratio (L/R0), the oscillation period of cavitation bubbles also increases. In the
initial stage of cavitation bubbles, the velocity distribution inside the regulating valve is relatively stable, and no re-entrant jet could be found
although L/R0 is different. In the collapse stage of cavitation bubbles, the velocity distribution becomes extremely unstable because the
collapsing cavitation bubbles affect the pressure drop and velocity field in the flow channel. Furthermore, the amplitude of pressure
pulsation increases gradually, and the peak time of the pressure pulsation is gradually delayed while increasing the length/diameter ratio.

1. Introduction

+e inner flow characteristic of the regulating valve has a direct
influence on its performance. +e cavitation inception, de-
velopment, and collapse in the flow passage will lead to
pressure oscillation in the regulating valve, vibration, noise,
early valve failures, and affecting the stability of the hydraulic
system [1–3].+erefore, it is essential to understand thoroughly
the complex flow characteristics inside the valve in order to
improve the running safety of the regulating valve [4–6].

Unsteady cavitation flow and pressure pulsation
characteristics in the regulating valve have been taken into
account in more recent studies. In experiments, laser
Doppler anemometry [7], particle image velocimetry [8],
and high-speed camera-based method [9] were used to
observe the cavitation phenomena occurring in the valve.
Computational fluid dynamics (CFD) is expected to be
another effective tool to solve the problem in fluid dynamics
[10]. Ma et al. [11] presented the cavitation flow

characteristics of the control valve using a Schnerr and
Sauer cavitation model. +e standard k-ε turbulence model
was selected for presenting the pressure and velocity dis-
tribution numerically [12]. Semrau et al. [13] confirmed
that the cavitation bubble is an essential cause for noise
generation. Ye et al. [14] deduced the relationship among
the discharge coefficient, the groove geometry, flow con-
dition, and fitting coefficients. Jin et al. [6] investigated
cavitation flow in a sleeve regulating valve with different
valve core shapes. Liang et al. [15] pointed out that vortex
flow is the reason for the occurrence of the cavitation
bubble. Yuan et al. [16] investigated the internal flow dy-
namics inside a poppet valve, specially made emphasis on
cavitation-vortex interaction. Qiu et al. [17] discussed the
pressure drop, velocity, and vapor volume distribution in
the regulating valves, and they pointed out that the effects of
the pressure difference on the cavitation intensity. Sayyaadi
[18] found that higher cavitation numbers would induce the
simpler fluctuation mode. Wang et al. [19]pointed that the
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re-entrant jet is the reason for choked cavitating flow and
the cavitation regions could be divided into the inception
and developing regions, fusion regions, and collapse re-
gions in a venturi reactor. Qian et al. [20] discussed rela-
tionships between the valve core opening and the outlet flux
under different valve core shapes and give a theoretical
guide for the optimization of the valve core. +ere are many
research that focus on cavitation flow in hydraulic valves in
recent years, especially on the steady flow characteristics.
+e mechanism of cavitation flow in the regulating valve is
still not clear, which are important to capture, study, and
assess the risks of cavitation erosion. +us, the unsteady
cavitation flow and pressure pulsation characteristics in the
regulating valve are discussed combining with high-speed
photography and numerical simulation technology in our
paper. +e effect of the length/radius ratio (L/R0) of the
regulating valve spool on the periodic cavitation flow and
pressure fluctuation characteristics are also discussed.

2. Numerical and Experimental Methods

+e commercial software ANSYS Fluent 15.0 is employed
for numerical calculation of cavitation flow in the regulating
valve.

2.1.MathematicalModelingofFlow. +e continuity equation
can be written as follows:
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+e momentum equation can be written as follows:
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Here, μmis the viscosity of the mixture; ρm is the mixture
density defined as ρm � ρvαv + ρl(1 − αv); ρv and ρl are the
vapor density and the liquid density, respectively, and v

→ is
the mass-averaged velocity; αv,1 − αv is the vapor volume
fraction and liquid volume fraction, respectively; and ∇P is
the gradient of pressure P.

+e net mass transfer from liquid to vapor is often
described by the Schnerr–Sauer cavitation model, which
could be expressed as
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In the formula, RB is the bubble radius RB � ((αv/1
−αv)(3/4π)(1/N))(1/3);Pv is the saturation vapor pressure; n

is the number of bubbles per volume of liquid, the model
takes n � 1013.

Furthermore, mixture model, Schnerr–Sauer cavitation
model, and multiphase flow model together with a modified
RNG k-ε turbulence model are used to describe the

evolution of unsteady cavitation flow inside the regulating
valve. In order to improve the convergence and stability of
the numerical simulations, the calculation result of steady-
state cavitation flow is set as the initial calculation result in
the calculation of unsteady flows.+e simulation time step is
set to 0.1 μs.

2.2. GeometricalModel of Test Valve. +e schematic diagram
of the regulating valve is shown in Figure 1, which mainly
contains the valve stem, spool, and seat. +e spool is used to
adjust the flow rate, whose head shape is composed of line
segments and parabolic curves. Considering that the geo-
metric construction of the regulating valve is symmetrical, a
rotational axisymmetric model for the cavitation simulation
inside the regulating valve is used. +e total length of the
flow passage of the regulating valve is 40.0mm, while the
length of the flow section located upstream is 20.0mm. +e
opening degree of the regulating valve is 1.0mm, and the
inlet and outlet diameters of the flow channel are 4.5mm
and 3.0mm, respectively.

+e whole flow field was discretized with a mixed grid,
and the orifice of the regulating valve and flow section
located downstream is handled in encrypted form. +e
pressure-inlet boundary condition of computations is
commonly applied as an inlet boundary condition, while
the inlet pressure is 4.0MPa. +e pressure-outlet
boundary condition of computations is commonly ap-
plied as an outlet boundary condition, while the outlet
pressure is 1.0MPa. +e axisymmetric boundary condi-
tion is applied to the center axis. In addition, other
boundaries are adopted wall boundary conditions. In
order to guarantee the precision of our simulation and
save computation time, the grid independence analysis is
carried out in our paper. +e grid number of 20359, 48939,
79208, and 125611 are tested, respectively. While the
number of grids reaches 79208, the change of average
pressure on the valve section is less than 0.5% in one
bubble lifetime, which demonstrates that the results are
grid independent. Hence, the amount of grid 79208 is used
in our simulation, and the minimum grid size is
0.01 mm × 0.01mm.

2.3. Experimental Setup. To obtain the unsteady cavitation
flow in the regulating valve, the cavitation visualization
experiment system was established based on the dynamic
similarity principle. Figure 2 illustrates the hydraulic cir-
cuit used in our experiment, which has been reported in Ref
[21]. Oil is supplied by a pump from a fuel tank. A pressure
relief valve is used to regulate the operating pressure, and
an accumulator is used to attenuate the pressure pulsation
in the hydraulic system. +e inlet and outlet pressure of the
regulating valve is detected with pressure gages, and the
flow rate of a fluid medium is measured by a flow rate
meter. No. 46 antiwear hydraulic oil is used as a fluid
medium in our experiment, and the temperature of the oil
remains around 319 K during operation-based mainte-
nance on a fin fan cooler.
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+e valve house is made from polymethyl methacrylate
(PMMA), which is used to observe the cavitation flow inside
the channel. +e size of transparent regulating valve is re-
duced to one-tenth of the actual geometry. A high-speed
camera (PhantomVEO-710L) is used for consecutive image
acquisition to investigate the evolution of cavitation bubbles.
An optical-fibre source (LA-100USW) is used as an illu-
minate to improve image quality. +e high-speed camera
and the optical-fibre source are located on either side of the
transparent valve. To catch the transient cavitation flow, the
frame rate of 20,000 frames/second is selected during
shooting.

3. Results

Figure 3 shows the evolution process of cavitation flow in the
regulating valve with a pressure difference of 3.0MPa, while
an opening degree is at 1.0mm.+e left column is numerical
results while the right is corresponding experimental results.
+e results show that cavitation bubbles appear primarily in
the gap between the valve seat and the valve core surface [6]
because of sudden changes in the flow path induced by
geometry of the flow domain such as sharp corners. Pressure

drop mainly occurs in the narrow gap, resulting in the
appearance of a cavitation bubble. +is cavitation flow is an
unsteady and periodic flow [19] in the regulating valve which
could be divided into cavitation inception, development,
detachment, and collapse. At the moment t0, the flow
pressure decreases due to decreasing the cross-sectional area
of the orifice and fixed cavitation bubbles will be formed.
During the moment t0 to t0 + 0.30ms, these fixed cavitation
bubbles develop downstream and its tail will fall off, forming
travelling cavitation bubble as a result of re-entrant jets [19].
During the moment t0 + 0.30ms to t0 + 0.60ms, the length of
the fixed cavitation bubbles decreases gradually, while the
travelling cavitation bubbles continue to develop and move
downstream, whose width and length grow rapidly. With
increasing time, this travelling cavitation bubbles reach their
maximum shape and a re-entrant jet could be found up-
stream. At the moment t0 + 1.05ms, the travelling cavitation
bubbles are split into many small-scale bubble column and
collapse at their downstream end. At the moment
t0 + 1.67ms, another reciprocation cycle of cavitation bub-
bles could be found at the orifice of the valve. Furthermore,
the lifetime of the cavitation bubble obtained numerically is
1.67ms while it is 1.60ms obtained experimentally in Fig-
ure 3. +e deviations of the bubble lifetime between the
simulation and the experimental results are about 4%. +e
difference between the numerical and experimental results
may be caused by ignoring the changes in temperature and
compressibility of the oil during the numerical calculation.
+us, the accuracy of the numerical model used in our paper
is capable of predicting the evolution of cavitation bubbles in
the regulating valve.

Figure 4 is the internal flow and the distribution of the
cavitation bubbles at the moment t0 + 0.15ms and
t0 + 0.30ms, in order to analyze the phenomena in Figure 3.
As shown in Figure 4, a constricted flow section locates in
the valve throat because of the convergent-divergent
structure. A high-velocity and low-pressure region appears
behind the valve seat because of the sudden decreasing
cross-section area [6, 17]. +e vapor phase volume fraction
in the flow channel ranges from 0.25 to 0.95, indicating that
the cavitation observed are at higher intensities. Further-
more, Figure 4(a) shows that a recirculation flow with high
speeds was generated between the tail of the fixed cavitation
bubbles and the valve wall initially, whose flow direction is
opposite to the main flow direction. When this recircu-
lation flow meets the main flow, a re-entrant jet could be
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formed. +is re-entrant jet will generate a large shear force,
result in loss of fluid kinetic energy [15], and enhance the
instability phenomenon of the cavitation bubble. +en, the
fixed cavitation bubbles break into smaller travelling cavitation

bubble and flowing downstream as shown in Figure 4(b). +at
is to say, the re-entrant jet is the main reason for cavitation
breakup [22]. From the moment t0 + 0.15ms t0 + 0.30ms, the
recirculation flow becomes long and narrow; the break-off
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Figure 3: Typical evolution process of cavitation bubble.
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Figure 4: Flow charts (the upper part) and the distribution of vapour volume (the down part) at (a) t0 + 0.15ms and (b) t0 + 0.30ms.
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phenomenon is more evident. So the area and the intensities of
travelling bubbles increase with increasing time.

4. Discussion

4.1. Influence of the Length/Diameter Ratio on Unsteady
Cavitation Flow. +e flux characteristics of the regulated
valve mainly depend on the valve spool shape [20].
+erefore, the characteristic parameter length/diameter
ratio of the spool head is important in the optimized design
to reduce the re-entrant jet velocity and increase the ability
of antierosion. In order to evaluate the changes of cavi-
tation flow in the regulating valve with different length/
diameter ratios of the valve core, the comparative analysis
based on the numerical simulation is conducted, which are
shown in Table 1. Dimensionless parameters L/R0 is used to
present the effect of the structural optimization design of
the valve spool on the unsteady cavitation flow field, where
L is the length of the circular section and R0 is the radius of
the circular section of the valve spool head. Zhang et al.
[23, 24] already reported that decreasing the radius of the
spool head reduces the intensities of erosion-cavitation
wear. So we only focus on the parameter the length of the
circular section L.

Figure 5 is the variable length of travelling bubble verse
time with different length/diameter ratios of the valve spool
head. It could be found that the length of travelling cavi-
tation bubble increases firstly and then decreases with dif-
ferent length/diameter ratios. As we discussed in Figure 3,
the travelling bubble falls off and continues to grow
downstream, whose width and length grow rapidly. With
increasing time, this travelling cavitation bubble reaches its
maximum shape and a re-entrant jet could be found up-
stream. +en, this travelling cavitation bubble collapses and
is split into many small-scale bubble columns. Furthermore,
when L/R0 is 2.0, the lifetime of the travelling cavitation
bubble is about 0.6ms, and the maximum length of trav-
elling cavitation bubble is about 9.1mm. When L/R0 rises up
to 6.0, the life time is 1.0ms, and the maximum length is
13.7mm. +is is mainly due to the fact that the bigger the
length/diameter ratio, more the time for the travelling
cavitation bubble to grow along the channel. So the length of
travelling bubble rises with the increasing length/diameter
ratio.

As discussed in Figure 4, the cavitation bubble phe-
nomenon could be found near the orifice of the regulating
valve because of the shrinking flow area and increased flow
velocity of the oil. When the bubble is at the collapse stage,
the maximum velocity located near the gaps could be high to
100m/s, as shown in Figure 6. +is high-speed flow jet will
result in the turbulent flow near the orifice. After passing
through the throttle orifice, the flow of the fluid stabilizes
again, and the velocity of the oil decreases gradually
downstream. +e characteristics of cavitation flow are
closely related to the velocity field in the flow passage.
+erefore, four points a, b, c, and d are selected downstream
at 29mm, 32mm, 35mm, and 38mm, as shown in Figure 6,
in order to better explain the change of the velocity field in
the flow channel.

Figure 7 shows the distribution of the axial velocity
downstream in the four selected radial cross sections,
x� 29mm, 32mm, 35mm, and 38mm, at the moment of
cavitation inception (T0) with different length/diameter
ratios. +e evolution of the axial velocity at the same radial
cross section with different length/diameter ratios is almost
the same. Because the fixed cavitation bubble is just occurred
at the moment of cavitation inception T0, the flow field
downstream is relatively stable, and there is no re-entrant jet
flow. And the flow velocity of the oil near the wall of the valve
is lower than in the center of the flow channel. At 29mm, the
maximum velocity in the lower half of the channel is higher
than it in the center, because of a high-speed flow jet which
originates from the narrow gap. With the increasing flow
distance, as shown from (a) to (d), the maximum axial
velocity decreases gradually, which is mainly due to the effect
of the viscous resistance of the oil which reduces the
maximum velocity and shrinks the high-speed flow area.
Furthermore, the maximum of the axial speed, at x� 29mm,
32mm, 35mm, and 38mm, is decreasing with increasing the
length/diameter ratio. A larger length/diameter ratio
lengthens the throttle effect enlargers. And the flow resis-
tance in the channel will increase, which will induce the
decreasing maximum axial velocity.

As we know, the collapse stage is important to the
cavitation flow in the regulating valve. Figure 8 is the cor-
responding distribution of the axial velocity in the four
different selected points at the cavitation collapsing time
(3T/4, T is the collapse time).+e flow velocity of the oil near

Table 1: +e length/diameter ratio of valve spool.

Parameters 1 2 3 4 5
L (mm) 2.0 3.0 4.0 5.0 6.0
R0 (mm) 1.0 1.0 1.0 1.0 1.0
L/R0 2.0 3.0 4.0 5.0 6.0
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the wall of the valve is lower than in the center of the flow
channel and a re-entrant jet flow could be found at 1mm
away from the wall. +is re-entrant jet flow reduces the fluid
velocity near the wall. And the re-entrant jet flow could
always be found downstream at the moment 3T/4 with

different length/diameter ratios, whose intensity and posi-
tion are different. Different characteristics of the re-entrant
jet and the turbulence flow in the channel result in complex
velocity distributions with different length/diameter ratios.
At the moment 3T/4, the cavitation flow is in the final stage
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of the collapse of a cavitation bubble; the travelling cavi-
tation bubbles are split into many small-scale bubble col-
umns at 3T/4. When these small travelling cavitation bubble
clouds enter into in area at the higher pressure, they will
suddenly collapse resulting in unstable velocity distribution
downstream. Because the collapse of small travelling cavi-
tation bubbles and the rebirth of cavitation bubbles occur
alternately at the different positions of the flow channel,
there was no significant change in the value and location of
the maximum velocity.

+e re-entrant jet is the key factor leading to serious
cavitation corrosion and failure in the head of the valve core
[24]. Figure 9 shows the axial velocity distribution along the
centerline of the valve spool, which shows that a re-entrant
jet could be found at the head of the valve spool, and the size
and length of this re-entrant jet also increase with the in-
creasing length/diameter ratio. While the L/R0 increases
from 2.0 to 6.0, the maximum axial velocity decreases. +e
reason is that the existence of the re-entrant jet, whose

direction is opposite to themainstream, consumes energy. In
addition, the effect of the increasing length/diameter ratio is
similar to two orifices in series, which means increasing total
liquid resistance, and reduces the maximum axial velocity.
By decreasing the length/diameter ratio, the re-entrant jet
velocity and cavitation area on the parabolic surface could be
decreased significantly. +erefore, the intensities of cavita-
tion erosion could be mitigated. Reducing the length/radius
ratio of the valve spool could weaken the re-entrant jet,
weakening the damage of cavitation erosion and extending
the service life of the regulating valve.

4.2. Influence of the Length/Diameter Ratio on Pressure
Pulsation. In order to obtain the influence of unsteady
cavitation flow on pressure pulsation, three monitoring
points 1, 2, and 3 at the downstream of the channel are
selected to monitor the pressure pulsation, marked by red
dots in Figure 1. As we discussed above, the collapse of the
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travelling bubbles is mainly found at its downstream end and
the pressure pulsations caused by the collapse of the trav-
elling bubbles are monitored at the typical monitor point 3,
as shown in Figure 10. When L/R0 is 2.0, the absolute
pressure at point 3 decreases rapidly around 0.5ms because
the monitoring point 3 is covered by the travelling cavitation
bubbles downstream. A trough of wave could be found,
which follows by a circular area in Figure 10, and its absolute
pressure is lower than the saturated steam pressure of the oil.
+en, the collapse of the travelling cavitation bubbles
happens and a peak of the wave will appears as marked by a

square area in Figure 10, whose value is about 1.8MPa. Later,
a new life cycle of the cavitation bubble starts again around
2ms, and the absolute pressure at the point 3 recovers to the
outlet pressure. It is worth noting that there will be a partial
low-pressure pulsation, pointed by a black arrow in Figure 10,
which is caused by the detachment of travelling bubbles from
the fixed cavitation bubble. Furthermore, while the length/
diameter ratio increases from 2.0 to 6.0, the amplitude of the
peak of the wave increases gradually and the peak time of the
pressure pulsation is gradually delayed. More cavitation
bubbles fell off and collapse at a larger length/diameter ratio,
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that is, the reason why the amplitude of pressure pulsation
becomes larger. In addition, the trough of the wave also delays
at a larger length/diameter ratio; this is mainly due to severe
cavitation that occurs and exerts its blocking effects on fluid
flow, and the flow speed of travelling cavitation bubble to-
wards downstream decrease. So the time travelling cavitation
bubble reaches the monitoring 3 becomes longer.

5. Conclusion

+e influence of the length/diameter ratio of the valve spool
head on unsteady cavitation flow characteristics in the
hydraulic regulating valve is analyzed experimentally and
numerically. +e cavitation flow in the regulating valve
could be divided into fixed and travelling cavitation bubbles,
which is an unsteady and periodic flow. +e cavitation
lifetime generally increases firstly and then decreases with
increasing time at different length/diameter ratios of the
valve spool head. In the initial cavitation stage, the velocity
field distribution in the regulating valve is stable and there is
no re-entrant jet even the length/diameter ratio of the valve
spool head is different. In the cavitation collapsing stage,
unstable velocity field distribution could be found in the flow
passage of the regulating valve. Furthermore, decreasing the
length/diameter ratio of the valve spool is an effective
method to suppress the intensity of the re-entrant jet and
thus relieves cavitation erosion of the valve spool. Cavitation
bubble occurs less intensely, and less cavitation bubbles fall
off and split into many small-scale bubbles with smaller
length/diameter ratio, so the amplitude of pressure pulsation
shrinks. As different length/diameter ratios of the valve
spool is applicable to different operating conditions, we
cannot simply judge which valve spool shape is optimal.
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