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Abstract: Severe oil particle-induced erosion to the prestage component progressively degrades the
overall performance of the deflector jet servo valve (DJSV), even leading to valve failure. Herein, we
present an approach for evaluating degradation in performance and predicting the erosion lifespan
of the DJSV on different levels of oil pollution. Specifically, a mathematical model of the whole valve
was built based on a previously established working principle and physical mechanism. In addition,
considering the horizontal and rotational particle motions, combined with impact of particle size
distributions under different oil contamination degrees, an erosion model was constructed. Then,
after simulating and analyzing the pressure characteristics before and after the erosion of prestage,
the performance degradation of the whole valve was examined, thereby predicting the erosion life of
the valve. Investigations revealed that the maximum erosion rate occurred at the shunt wedge of the
receiving holes, which increased with the contamination degree and accelerated after level 7. After
erosion, however, the control pressure difference decreased significantly, and erosion life followed
exponential distribution corresponding to the distribution of particles under different pollution levels.
The aforementioned investigation can thus help diagnose faults and optimize the design of the servo
valves in service.

Keywords: deflector jet; erosion wear; particle contamination; CFD; erosion lifespan

1. Introduction

The electric–hydraulic servo valve serves as the key component of the hydraulic
system, particularly in aerospace that primarily determines the reliability and safety of the
entire hydraulic system. Statistics shows that oil contamination is the primary fault factor
for the servo valve, accounting for about 70% of the total fault, while the erosion wear
caused by the particles in oil is one of the main types of failure [1–4]. The DJSV, as a typical
servo valve, is developed on the basis of jet pipe valve, and it has been widely employed
in aerospace and other operations owing to its high dynamic response and anti-pollution
performances [5,6]. However, the prestage component is a critical component of the valve.
Because of the special structure in the prestage, the contamination particles in the oil still
would introduce significant erosion to the prestage, which eventually deteriorates the
overall performances of the DJSV gradually and hence necessitates a deeper literary insight
into the prestage erosion wear [7].

Solid particle erosion is a complex process, and its underlying mechanism is not fully
understood today. A general model of measurement, revealing material erosion entirely
and comprehensively, does not exist [8,9]. The experimentally validated E/CRC and Oka
models are highly cited among other contemporary studies for the erosion wear of servo
valve [10,11]. Based on E/CRC and Oka models, previous studies on the erosion of valve
by the particles in oil, mainly focused on the impact of erosion on leakage for valve and
impact of particle size, velocity, collision angle and structure size. Based on the deformation
of E/CRC erosion model, Li et al. [2] investigated the impact of erosion wear on the leakage
within the valve and proposed a new performance degradation analysis model for linear
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hydrostatic actuator. Zhang et al. [12] examined the jet flapper servo valve wear caused by
oil contamination, internal leakage effects, weakening pressure and gain linearity. Based
on CFD, Ji et al. [13] researched the erosion of prestage for a DJSV. The results revealed that
the erosion rate decreased along the rising of the displacement, the angle of the V-shaped
window and the thickness of the deflector. Used E/CRC erosion model by Yan et al. [14]
researched the erosion wear on a jet pipe valve. The findings demonstrated that most
serious erosion was on the wedge and a direct relationship exists between the diameter of
solid particles and the erosion rate. Yan [15] used the Oka model to simulate the erosion of
the prestage, and found that the erosion can be divided into four levels and if the lifetime
of a valve exceeded 20,000 h, then the contamination level of oil must be guaranteed at
NAS 5. Chu [16] established the valve performance degradation model and completed
the life prediction. Combined with Amesim software, Meng [17] analyzed the influence
of prestage erosion wear on the working performance of the whole valve. However, the
previous studies have not considered particle size distributions under different levels of oil
pollution. In addition, only a few researchers have conducted a quantitative analysis of the
differential pressure change in prestage and its influence on the performance of the whole
valve after erosion.

Therefore, this study presents a method for analyzing the characteristic degradation
and predicting the erosion lifespan about DJSV on different levels of oil pollution. First, we
introduced the operating principle about the DJSV, after which the mathematical model
based on the whole valve was built. Next, the erosion model was constructed for oil
contamination, comprising the horizontal and rotational movements of particles and their
related forces (e.g., the rotational lift force [Magnus force] caused by rotation), after which
the impact of particle size distributions under different oil contamination degrees was
assessed. Then, we used two typical erosion rate calculation models, the E/CRC and the
Oka, to compare and analyze the prestage erosion wear by simulating in an ANSYS envi-
ronment, in addition to the pressure changes after erosion. Subsequently, the performance
degradation of the whole valve was also analyzed by combining the theoretical analysis
with the erosion simulation results, followed by a final prediction of the erosion life of
the valve.

2. Theory and Mathematical Models
2.1. Working Principle of the DJSV

The DJSV incorporates torque motor component, prestage component, and slide valve
hydraulic amplifier. Figure 1 illustrates a schematic workflow of the DJSV where the input
is a low current signal to the coil which drives the armature assembly, performing the force
conversion and movement functions. Subsequently, the prestage realizes the conversion
of displacement and pressure through the jet. In the end, the pressure difference of the
receiving holes drives the slide valve to move. Oil under high pressure reaches braking
chamber as the core valve is moved toward the right, increasing braking pressure. On the
contrary, when the core valve is moved toward the left, the brake cavity is connected with
the return oil, and at the same time the high-pressure oil supply port is closed. Therefore,
the oil flows out of the brake cavity and the brake pressure is reduced.

Figure 2 shows the detailed architecture of the prestage component. The jet disc is
fixed between the cover and base with closed plenum chamber at the upper and lower
ends. The deflector is combined and installed between nozzle and receiver. The oil flows to
the jet nozzle generating a free jet that eventually passes through the V-shaped slit channel
inside the deflector, and finally reaches two separate receiving holes that extend to the slide
valve’s control chambers at each end. The cavity between the nozzle and the receiver is
connected to the oil return line. In practice, the erosion wear could be problematic since the
oil line of pre-stage is narrow, and the flow rate is high.
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2.2. Mathematical Model of the Torque Motor

As shown in Figure 3, the armature rotating component is composed of armature,
spring tube, transfer rod and deflector. Upon inputting current into the armature’s con-
trol coil, an electromagnetic moment Tm is produced when an armature rotates under
electromagnetic force:

Tm = Kti + Kmθa (1)

where Kt is the median electromagnetic torque coefficient of torque motor, Km is the
electromagnetic spring stiffness of the torque motor, and θa is the rotation angle.

With armature rotating, the transfer rod and deflector are driven to rotate together,
while the lower part of the spring tube is not moved, and the upper part is deformed. The
dynamic balance equation of the armature rotating component is shown as below:

Tm = Jas2θa + Basθa + Kaθa (2)

where Ja and Ba represent the moment inertia and viscous damping coefficient, respectively,
about armature, transfer rod and deflector. Ka represents spring tube’s stiffness.

The deflector rotates along with the armature. The displacement is x f , which can be
calculated as follows:

x f = Lθa (3)
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where L represents distance from the center of V-shaped slit channel inside the deflector to
the rotation center O.
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2.3. Prestage Amplifier Model

The movement of the deflection plate causes the pressure difference between the two
receiving holes, which drives the slide valve to move forming flow rate and pressure.
Therefore, the prestage realizes the conversion of displacement and pressure through the
jet. The relation between the control pressure difference and displacement of the deflector
is given as below:

∆P = Kpx f (4)

where Kp is pressure difference amplification factor of prestage.

2.4. Mathematical Model of Slide Valve

The spool moves under the action of forces to realize the conversion from mechanical
motion to pressure. There are several forces involved in this movement, including the
differential pressure in control and feedback chambers, the reset spring’s force, damping
forces, hydraulic forces and spool–sleeve friction. Dynamic balance equation for the slide
valve can be expressed as follow:

∆PAv − (PS − PR)A f = mvS2xv + BvSxv + Kvxv + Ff (5)

where Av and A f represent the areas of control and feedback cavity, respectively, xv
represents displacement for the valve, mv represents valve core quality, Bv represents
the damping coefficient of the main spool includes the damping generated by transient
hydraulic force, Kv represents the stiffness coefficient of the servo valve including reset
spring stiffness and stable hydraulic stiffness, Ff represents the friction caused by the lateral
force, PR represents pressure of back oil and PS represents braking pressure.

The transient hydraulic force FW = 0.43W∆P1xv. The stable hydraulic force Fss =
LCqW

√
2ρ∆P1Sxv. The velocity and flow coefficient is Cq, the fluid density is ρ, the area

gradient at the opening of valve is W, the distance between the inlet and outlet of a valve is
measured by L, and pressure difference between pre- and post-valve ports is ∆P1.
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When the brake cavity is connected with high-pressure oil, the oil enters into the brake
chamber. On the contrary, when the brake cavity is connected with the return oil, the oil
flows out of the brake cavity. So that the fluid can be illustrated as below:

Qs = CsqW(xv − x0)
√

2
ρ (PH − PS) xv − x0 ≥ 0

Qs = CsqW(xv − x0)
√

2
ρ (PS − PR) xv − x0 < 0

(6)

where Csq is the flow coefficient at valve port, PH is pressure on oil supply, and x0 is valve
core overlap with valve sleeve.

The brake cavity is a closed cavity. The relationship between the flow, volume and the
brake pressure can be described as follows:

Qs =
Vt

E
SPR (7)

where Vt is volume of brake cavity and E is the elastic modulus of oil.
As shown in Figure 4, it is possible to obtain the block diagram of the valve’s dynamic

transfer system by synthesizing Equations (1)–(9).
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3. Erosion Modeling

In preceding studies, the flow field and particle movements were usually simplified
to facilitate the calculation [18]. Specifically, the particle horizontal movement as well as
the forces of flow on a particle were considered, while both the particle rotation movement
and the forces of the particle on flow were ignored. In this study, a bidirectional coupling
between the particles and the flow field is considered while the rotation action about
particle and the forces of rotation are contemplated, which makes the established model
more consistent with the actual situation.

3.1. Continuous Phase Model

The continuity equations, i.e., the Reynolds-averaged N–S equation and the standard
k− ε equation models, are accounted to model the continuous phase.

The continuous equation for incompressible fluid is given as:

∇·(ρ
→
V) = 0 (8)
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where
→
V is the velocity vector of the fluid.

The continuous phase could be modeled using the N–S equations as follows:

D(ρ
→
V)

Dt
= −∇P + µ∇2

→
V + ρ

→
g +∇·→τ ij +

→
F P (9)

where P is the static pressure, µ is the dynamic viscosity of the fluid,
→
g is the acceleration of

gravity,
→
τ ij is the Reynolds stress tensor, and

→
F P is the interaction force between the fluid

and the particles.
The Standard k− ε equation is as below established by Shih et al. [19]:

∂(ρk)
∂t

+∇ρk
→
V = ∇·(µ +

µt

σk
)∇k + Gk − ρε + Sk

p (10)

∂(ρε)

∂t
+∇ρε

→
V = ∇·(µ +

µt

σε
)∇ε + C1Gk − ρC2

ε2

k
+ Sε

P (11)

where k is turbulence kinetic energy, ε is turbulence kinetic energy dissipation rate, µt is
the turbulent viscosity, σk is the turbulent Prandtl number of k, σε is the turbulent Prandtl
number of ε, Sk

P and Sε
P represent the effects of dispersed phase on turbulent flow structure,

Gk is the turbulent kinetic energy induced by the average velocity gradient, C1 and C2 are
the empirical constants.

3.2. Particle Force Modeling

Collective motion of fluid and particles is influenced by fluid forces. Gravity, pressure
gradient force, fluid drag force, and virtual mass force are the four main forces. In addition,
high-velocity gradients result in unbalanced pressure distributions on particle surfaces, and
also generate shear lift, which is also known as Saffman lift [20]. Due to their high moment
of inertia, particles that are large and heavy play a significant role in their trajectory. The
particle trajectory obtained from the simulation could differ from actual trajectory if the
rotation of particles is ignored. Taking into account the rotation moment of the particle and
the Magnus force, also called rotational lift, is essential.

The forces acting on a particle by fluid are shown in Figure 5. The force on per unit
mass is used in the Equations that follow.

d
→
VP
dt

=
→
F D +

→
F PG +

→
F VM +

→
F G +

→
F SL +

→
F ML (12)

where
→
VP represents particle velocity.

→
F VM represents virtual mass force.

→
F D represents

fluid’s drag force on particle.
→
F G represents gravity.

→
F SL represents Shear lift and

→
F ML

represents Magnus force generated by particle rotation.
For the rotation of particle, an ordinary differential equation about angular momentum

needs to be solved. The moment balance equation of particle is shown as below [21]:

→
T = Ip

d
→
wp

dt
=

ρ

2
(

dP
2
)

5
Cr

∣∣∣∣→Ω∣∣∣∣→Ω (13)

where
→
T is the moment acting on the particle, IP is the moment of inertia about the

particle found from Ip = π
60 ρP

(
dP
2

)5
for spherical particle, dP is diameter of particle,

→
wP
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is the rotational angular velocity of particle, Ω = 1
2∇×

→
V − →wP is the relative angular

momentum, Cr is the rotating coefficient,

Cr =

{ 64π
Rer

Rer ≤ 32
12.9Rer

−0.5 + 128.4Rer
−1 32 < Rer < 1000

(14)

where Rer is the rotational Reynolds number,

Rer =

ρd2
P

∣∣∣∣→Ω∣∣∣∣
µ

(15)

In particle motion, drag force
→
F D plays a crucial role. The mathematical relationship

can be expressed as below:

→
F D =

→
V −

→
VP

τr
=

18
24

CD
µ

ρP

Re
d2

P
(
→
V −

→
VP) (16)

where CD represents factors that influence resistance, τr represents time for particle relax-
ation [22] and Re represents the relative Reynold’s number.

τr =
ρPd2

P
18µ

24
CDRe

(17)

Re =
ρdP

∣∣∣∣→V −→VP

∣∣∣∣
µ

(18)

As a result of fluid pressure distribution around a particle, pressure gradient force
→
F PG is generated as follows:

→
F PG =

ρ

ρP

→
VP∇

→
V (19)

When accelerating the movement of the fluid that surrounds a particle, the particle is

subjected to an additional force called virtual Force
→
F VM. Here is the calculation formula:

→
F VM =

1
2

ρ

ρP

d
dt
(
→
V −

→
VP) (20)

The pressure gradient and virtual mass forces are usually disregarded when fluid
density is significantly lower than particle density. However, it is impossible to disregard
the pressure gradient and virtual mass forces if density ratio of fluid to particle can be
almost 1. When the density ratio is larger than 0.1, it is advised to consider these two forces.

Buoyancy or Gravitational force
→
F G is another factor affecting the motion of particle.

It can be mathematically modeled as follows:

→
F G =

|ρP − ρ|
ρP

→
g (21)

A shear lift force
→
F SL acts on a particle when it moves in fluid with a velocity gradient,

or alternatively termed as Saffman lift introduced by Mclaughlin [23]. It is mathematically
defined as:

→
F SL = 1.615d2

p(
ρµ
→
|w|

)
1
2
[
(
→
V −

→
VP)×

→
w
]

(22)
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where
→
w = ∇×

→
V is the velocity curl of the fluid. A corrective element for the lift force

Reynolds numbers about larger particle has been developed by Mei [24]:

→
F SL = 1.615d2

p(
ρµ
→
|w|

)
1
2 Cs

[
(
→
V −

→
VP)×

→
w
]

(23)

where CS is a correction factor.

Cs =

{
(1− 0.3314β0.5)e−Re/10 + 0.3314β0.5 Re ≤ 40
0.0524(βRe)1/2 Re > 40

(24)

where β is a parameter given by β = 1
2

Res
Re (0.005 < β < 0.4) and Res is the particle Reynolds

number of the shear flow, Res =
ρ f d2

p

∣∣∣→w∣∣∣
µ .

When a particle rotates in the fluid, an additional lift acting on the particle is known

as the Magnus lift or rotational lift
→
F ML.

→
F ML =

1
2

APCmρ

∣∣∣∣→V −→VP

∣∣∣∣
→
Ω

(
→
Ω× (

→
V −

→
V p)) (25)

where AP is projected area of particles and Cm is the rotational lift coefficient defined by
Oesterle and Dinh [25] as below:

Cm = 0.45 + (
Rer

Re
− 0.45)e−0.05684Rer

0.4Re0.3
Re < 2000 (26)

Turbulence affects the mobility of particles. The interaction between a fluid vortex and
a particle is described using a discrete random walk (DRW) model.
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3.3. Particle Recoil Modeling

The particle loses momentum with every collision with the surface wall. The velocity
profile ratio after particle collision to that before is known as the recovery coefficient, which
measures momentum loss. Typically, different materials are tested to establish the particle



Aerospace 2023, 10, 67 9 of 19

rebound model. Depending on the impact of AISI4130 carbon steel and sand particles with
diameters of 150–300 µm, an empirical impact model was presented by Forder et al. [26]:

et =
Vt2

Vt1
= 1− 0.78θ + 0.84θ2 − 0.21θ3 + 0.028θ4 − 0.022θ5 (27)

en =
Vn2

Vn1
= 0.988− 0.78θ + 0.19θ2 − 0.024θ3 + 0.027θ4 (28)

where et is the tangential rebound coefficient and en is the normal rebound coefficient. θ is
the pre-collision angle between particle’s trajectory and container’s surface wall.

Vt1 and Vt2 are tangential element of velocity before and after particle–wall collision,
respectively. Vn1 and Vn2 are the normal element of velocity before and after particle–wall
collision, respectively.

The coefficients of tangential and normal rebound provided in Equations (27) and (28)
can be used to evaluate the velocity profile after impact.

3.4. Erosion Model

Based on the collision testing on AISI1018 steel [11], the E/CRC model was developed
by the Erosion-Corrosion Research Center:

ER = C(HB)−0.59FSVn
P f (q) (29)

f (θ) = a1θ + a2θ2 + a3θ3 + a4θ4 + a5θ5 (30)

where C represents constant of the wall material. FS represents constant of particle shape.
HB represents the value of Brinell Hardness depending on the wall material. As an empirical
constant, n represents the index of collision velocity and f (θ) is the function about the
colliding angle. Some other constants given in Table 1 are deduced from a series of direct
impact tests of Inconel 718 [27].

Table 1. The related parameters in erosion models.

E/CRC
model

C n a1 a2 a3 a4 a5
2.17 × 10−7 2.41 5.4 −10.11 10.93 −6.33 1.42

Oka model
K k1 k2 k3 V’ (m/s) D’ (µm) n1 n2
65 −0.12 2.3(Hv)0.038 0.19 104 326 0.71(Hv)0.14 2.4(Hv)−0.94

After completing studies of numerous test conditions, Oka et al. [12] developed an
erosion equation with extra parameters:

E R = g (θ) E90 (31)

E90 = K(Hv)k1(
VP
V′

)
k2
(

dP
D′

)
k3

(32)

g(θ) = (sin θ)n1(1 + Hv(1− sin θ))n2 (33)

where E90 is the volume erosion rate under the normal impact angle, Hv represents the
Vickers hardness of the wall material, k1 and k2 depend on the material properties of
particle and wall. relative particle diameter D’, K, k3, and relative collision speed V’ rely on
the particle’s characteristics. The n1 and n2 are expressed as a function of initial material
hardness, which are determined only by the type, shape and property of particles. Table 1
displays related parameter values.
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4. Simulation and Numerical Schemes of SPC

CFD-based numerical simulation and erosion estimation are primarily comprised of
three components, namely the internal flow field calculations, particle pathway monitoring
and erosion rate calculations, respectively. Generally, the fluid’s pressure, speed, and
kinetic energy in turbulence can be computed by Reynolds N–S and turbulence models.
Subsequently, the Lagrange–Euler method-based discrete phase model is then employed
to follow the trajectory of the particles, and pertinent data are captured between the
particles and the wall, including collision velocity, impact angle, and location. Finally, with
the pertinent parameters acquired in the earlier steps, a suitable erosion model is finally
developed to estimate the particle erosion.

4.1. Simulation Modeling

The fluid domain model of the prestage is shown in Figure 6 and the parameters
of structure are illustrated in Table 2. The most complex flow field is the region from jet
orifice to receiving holes. In order to increase simulation accuracy, the mesh at this region
is refined, and in addition the FLUENT software is used for simulation. The medium is No.
12 aviation hydraulic oil, the dynamic viscosity is 0.0123 Pa·s, and the density is 850 kg/m3.
The density of the particle is 2650 kg/m3, which represents the density of one common
pollution particle SiO2. The boundary conditions of the pressure inlet and outlet are set as
8 MPa and 0.4 MPa, respectively. The convergence precision of the residual error ws set
to 10−5.
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Table 2. The parameters of structure.

Parameter Valve

Jet orifice width b 0.15 mm
Outlet width of the deflector B 0.15 mm

Shunt wedge width of receiving holes M 0.14 mm
V-shaped hole length of the deflector H 0.6 mm

Height between deflector outlet andshunt wedge of receiving holes h 0.2 mm
Thickness of jet disc E 0.3 mm

Lateral width of receiving holes R 0.2 mm
V-shaped hole angle of the deflector γ 32◦

Angle of receiving holes α 45◦

4.2. Particle Size Distribution Function

Based on the GJB420B standard, which is classification of particle pollution for aviation
working fluid, particles under different contamination degrees were injected. Meanwhile,
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the Rosin–Rammler distribution function was used to set the parameters of injected particles
in the fluent:

Yd = e−(dp/d)
N

(34)

where Yd was the mass fraction of particles with diameter bigger than dp in the total
particles, d was the average particle diameter and N was the size distribution index.

According to the distribution of various particle diameters in level-7 contamination
standard, the mass fraction Yd can be calculated. MATLAB numerical fitting tool with the
Rosin–Rammler distribution function was used to obtain the distribution curve of Yd, as
shown in Figure 7. Then the average particle diameter and the size distribution index can
be obtained, which were 53.99 µm and 1.355, respectively. The average particle diameters
and size distribution indices for pollution levels 1, 3, 5, 9, 10, 11, and 12 can be obtained by
the same method, which were shown in Table 3.
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Table 3. Rosin–Rammler distribution parameters of particles.

Contamination Degree 1 3 5 7 9 10 11 12

d (µm) 65.01 53.81 53.97 53.99 53.95 54 53.93 53.87
N 1.295 1.351 1.356 1.355 1.356 1.357 1.356 1.356

5. Result and Discussions

The prestage is a symmetrical structure. When the deflector moves to the left, the
process of the jet flow is similar to that of moving to the right. Therefore, the following
study takes the deflector moving to the right as an example.

5.1. Pressure under Different Deflector Displacement

The speed distribution of SPC, with the deflector shifting to the right, is shown in
Figure 8. When the oil passed through the jet nozzle with a shrinking channel size, its
speed increased rapidly, reaching the highest value of 118 m/s. Then, the high-speed oil
passed through the V-shaped slit channel inside the deflector, flowed toward the shunt
wedge of the receiving holes, and finally reached the jet’s return outlet. When the deflector
moved to right, it showed that the maximum jet velocity almost did not change, the core
region of the jet inside the V-slit channel collided with the deflector’s left and deflected
to right. As a result, the high kinetic energy at the secondary jet port shifted to the right,
thereby decreasing the impact radian of the oil at the left receiving hole and increasing it



Aerospace 2023, 10, 67 12 of 19

at the right receiving hole. Therefore, more oil was injected into the right receiving hole,
generating pressure difference and promoting the movement of the spool.
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Figure 9 illustrates the pressure and pressure difference in receiving holes with the
deflector shifting toward the right. The fitting curve represented the pressure difference
∆P = 53.55× 109x f . Along with the mathematical valve model, the static and dynamic
efficiency of the DJSV can be assessed using this fitting formula. As the deflector moved to
the right, the pressure of the right receiving hole gradually increased while the left receiving
hole gradually decreased. Therefore, the two receiving holes’ pressure difference increased.
This corresponded to the velocity distribution under different displacement of deflector.
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5.2. Change in Erosion Rate upon Varying Contamination Degrees

When the deflector was positioned in the jet’s center, the erosion rate was simulated
with a rise in pollution levels. According to Figure 10, the erosion rate incremented
gradually with the addition of contamination degrees, and the growth rate was faster
after level-7. We propose that this event occurred because, in addition to the increase in
the number of contamination particles with the level of contamination, the frequency of
particle–wall collisions rose, consequently enhancing the erosion growth rate. We also
observed that since a larger particle had a greater mass than a smaller particle, the larger
kinetic energy under the same speed, density, and hardness, led to significant erosion.
Furthermore, smaller particles were more easily affected by turbulence and more sensitive
to fluid fluctuations, therefore the momentum exchanges between fluid and particles were
more efficient. From the GJB420B standard, the number of large-size particles increased
significantly after level-7 contamination degree, so the growth speed of the erosion rate
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became faster as well. The growth trends of the erosion rate obtained using the E/CRC and
Oka models were also consistent under the same conditions, except that the erosion rate
for the Oka model was slightly higher than that of the E/CRC model.
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5.3. Erosion under Different Deflector Displacement

Figure 11 shows the trajectory of the particles, which passed through the V-shaped slit
channel of the deflector with high speed, collided with the shunt wedge of receiving holes,
and finally reached the return outlet of jet.
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Figures 12 and 13 show the trend corresponding of the erosion rate with the movement
of the deflector under the pollution level 7. As the deflector moved to the right, the erosion
area also moved to the right, causing the maximum erosion rate to initially rise and then
decline. The erosion rate reached the peak value when the deflector displacement was
0.03 mm. As the velocity distribution of pre-stage shown in Figure 8, when the deflector
moved to the right, the particles also shifted to the right along with the velocity core area.
Consequently, since the particles on the right side of the shunt wedge had higher speed
and larger flow, their collision frequencies with the wall were also higher, accounting for
the gradual erosion-area shifts to the right.
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Furthermore, the erosion rate was also related to the angle at which particles collide
with the wall. The maximum erosion rate generally occurred under the collision angle of
20–30◦ for ductile material [28,29]. When there was no shift in the deflector’s position, the
particles may have high speed and high collision frequency with the wall. However, the
collision angle between particles and the wall was basically 90◦, therefore the maximal
erosion rate was still low.

As the deflector shifted to the right, the collision angle between particles and the
wall gradually decreased. Investigations also revealed that when the deflector shifted
to 0.07 mm, the collision angle was smallest, and instead of impacting the shunt wedge,
most particles entered the right receiving hole along with the oil, indicating a collision
frequency decline between the particles and the shunt wedge. Therefore, the erosion rate
was maximum when the deflector shifted to 0.03 mm, when taking into account the impact
of particle collision frequency and angle on the erosion.

The growth trends of the erosion rate obtained using the E/CRC and Oka models
were also consistent under the same conditions, except that the erosion rate for the Oka
model was slightly higher than that of the E/CRC model. As a result, we propose that
the two erosion models being semi-empirical formulas, including the differences in the
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methods for determining parameter values, accounted for this event; similarities in the
trends proved the correctness of the modeling and the simulation analysis.

5.4. Changes in Pressure in the Receiving Holes after Erosion

According to the picture of the injection-molded part based on the prestage after the
erosion wear in five years [15], a study reported that shunt wedge degradation usually
reduced the wedge height and created a structure resembling a semicircle. This finding
was similar to that in Figure 14.
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This section remodeled the flow field after erosion and researched the pressure dis-
crepancy in both reception holes before and after erosion. As shown in Figure 14, assuming
that the erosion wear height of the shunt wedge was ∆h, the mass of erosion wear was ∆m
and the volume of erosion wear was ∆V. After the erosion, the shape of the receiving port
changed in the yellow area that affected the flow between receiving holes.

When the erosion wear height of the shunt wedge was 0.00 mm, 0.05 mm, 0.10 mm
and 0.15 mm, respectively, the pressure and pressure difference of two receiving holes were
shown in the Figure 15. The pressure of each receiving hole increased, but the pressure
difference decreased. Especially when the erosion wear height of shunt wedge was 0.15 mm,
the drop of pressure difference was quite severe. According to the working principle of
the valve, the decline of pressure difference led to increasing the pushing force to the core
valve, which reduced the sensitivity of the servo valve.

Figure 16 shows the transient pressure in receiving holes under different erosion wear
height of shunt wedge. With the increase in erosion wear height, the maximum transient
pressure in receiving hole gradually grew. However, it can reach the steady-state in a very
short time. Even if the erosion height of shunt wedge was 0.15 mm, the transient pressure
in receiving hole can reach the steady-state at 0.5 ms, which was a very fast time relative to
the steady adjustment time of the whole valve. So as to, the erosion had little influence on
the transient pressure of the two receiver holes.
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5.5. Impact of Erosion on Valve Performance and Life Prediction

With the whole valve model deduced in Section 2.1, the valve performance was studied
in MATLAB platform by the SIMULINK module. Combining the fitting coefficient Kp of
the pressure difference under different erosion heights, the step signal with an amplitude
of 40 mA was input to simulate. Brake pressures before and after erosion were obtained, as
shown in the Figure 17.

The figure showed that the braking pressure was changed significantly before and
after erosion. The braking pressure gradually dropped from 21 MPa to 17.5 MPa under
the same signal as the erosion height increased. This event was proposed to be mainly
because, with an increase in the erosion height, the pressure difference in the valve ‘s control
chamber decreased, resulting in a loss of force to move the slide valve and a reduction
in valve opening. In such cases, the step signal amplitude must be increased to reach the
specified brake pressure, thereby reducing the sensitivity of the valve.
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Furthermore, referring to Figure 14, the relationship between the shunt wedge wear
height, erosion wear rate (ER) and erosion time T can be expressed as below:

∆m = ∆V · ρW = ER · ∆V
∆h
· T (35)

T =
ρW
ER
· ∆h (36)

where ρW is the density of the wall.
Combining the mathematical model of valve, the critical erosion height ∆h can

be determined and the endurance life of pre-stage erosion wear can be calculated by
Equations (35) and (36). Assuming that when the output pressure value was less than 20%
of the specified brake pressure, the failure happened. Combined with MATLAB and FLU-
ENT simulation analysis, the erosion height was 0.18 mm, the erosion life under different
contamination degree was shown in Figure 18, which followed exponential distribution
corresponding to the distribution of particles under different pollution levels. The erosion
life was 9593 h under level of 7. Therefore, to ensure the service life of 9593 h, the cleanliness
of the hydraulic oil should be maintained at least level of 7.
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6. Conclusions

In summary, we present an approach for evaluating degradation in performance and
predicting the erosion lifespan of the DJSV on different levels of oil pollution. First, the
entire valve’s mathematical model as well as the erosion model were constructed; then,
the erosion wear of the prestage was analyzed with two typical calculation models by
simulating in an ANSYS environment. Next, the performance degradation of the whole
valve was analyzed by combining the theoretical analysis with the erosion simulation
results, followed by a final prediction of the valve’s erosion life. Consequently, the following
conclusions were made:

The outcomes showed that the receiving holes’ shunt wedge had the highest erosion
rate, which rose in proportion to the level of pollution. However, the growth rate was faster
after level 7, owing to the oil above this level containing significantly more large-sized
particles with a bigger momentum and stronger impact.

As the deflector moved, investigations revealed that the erosion area was also dis-
placed in the same direction, causing the maximum erosion rate to increase initially and
later decline; however, when the deflector displacement was 0.03 mm, the erosion rate
reached the highest value, which is based on the structure and influence of the particle
speed, collision frequency, and collision angle between the particle and the wall.

With an increased erosion wear height of the shunt wedge, the two receiving holes’
pressure difference decreased, and its linearity error increased, thus decreasing the force
required to move the slide valve and, as a result, the sensitivity of the servo valve.

Combined with MATLAB and FLUENT simulation, the erosion life under different
contamination degrees was predicted, which followed exponential distribution correspond-
ing to the distribution of particles under different pollution levels.

Author Contributions: Conceptualization, Z.Y.; software, formal analysis, writing—original draft
preparation N.L.; methodology F.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No.
51505381, 51275423).

Data Availability Statement: Data sharing not applicable. No new data were created or analyzed in
this study. Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tamburrano, P.; Plummer, A.R.; Distaso, E.; Amirante, R. A review of electro-hydraulic servovalve research and development. Int.

J. Fluid Power 2018, 1–23. [CrossRef]
2. Yuan, L. Erosion degradation characteristics of a linear electro-hydrostatic actuator under a high-frequency turbulent flow field.

Chin. J. Aeronaut. 2018, 31, 914–926.
3. Liu, X.; Ji, H.; Min, W.; Zheng, Z.; Wang, J. Erosion behavior and influence of solid particles in hydraulic spool valve without

notches. Eng. Fail. Anal. 2019, 108, 104262. [CrossRef]
4. Mori, G.; Vogl, T.; Haberl, J.; Havlik, W.; Schöberl, T.; Hosemann, P. Erosion-corrosion rates of corrosion resistant alloys under

high velocity multiphase conditions. Corrosion 2014, 70, 579–590. [CrossRef]
5. Kang, S.; Yan, H.; Li, C. Research review of the deflector jet servo valve. J. Beijing Jiaotong Univ. 2017, 41, 130–139.
6. Yaobao, Y.; Jiayang, Y.; Shengrong, G. Numerical study of solid particle erosion in hydraulic spool valves. Wear 2017, 392, 174–189.

[CrossRef]
7. Li, S.L.; Yin, Y.B.; Yuan, J.Y.; Guo, S.R. Three-dimensional flow field mathematical model inside the pilot stage of the deflector jet

servo valve. J. Zhejiang Univ. Sci. A 2022, 23, 795–806. [CrossRef]
8. Chen, Q.; Liang, G. Numerical Investigation on Particle Erosion Characteristics of the Elbow Pipe in Gas-Steam Ejection Power

System. Aerospace 2022, 9, 635. [CrossRef]
9. Parsi, M.; Najmi, K.; Najafifard, F.; Hassani, S.; McLaury, B.S.; Shirazi, S.A. A comprehensive review of solid particle erosion

modeling for oil and gas wells and pipelines applications. J. Nat. Gas Sci. Eng. 2014, 21, 850–873. [CrossRef]
10. Zhang, Y.; Reuterfors, E.P.; Mclaury, B.S.; Shirazi, S.A.; Rybicki, E.F. Comparison of computed and measured particle velocities

and erosion in water and air flows. Wear 2007, 263, 330–338. [CrossRef]

http://doi.org/10.1080/14399776.2018.1537456
http://doi.org/10.1016/j.engfailanal.2019.104262
http://doi.org/10.5006/0886
http://doi.org/10.1016/j.wear.2017.09.021
http://doi.org/10.1631/jzus.A2200030
http://doi.org/10.3390/aerospace9110635
http://doi.org/10.1016/j.jngse.2014.10.001
http://doi.org/10.1016/j.wear.2006.12.048


Aerospace 2023, 10, 67 19 of 19

11. Ahlert, K. Effects of Particle Impingement Angle and Surface Wetting on Solid Particle Erosion of AISI 1018 Steel; Department of
Mechanical Engineering, The University of Tulsa: Tulsa, OK, USA, 1994.

12. Oka, Y.I.; Okamura, K.; Yoshida, T. Practical estimation of erosion damage caused by solid particle impact: Part 1: Effects of
impact parameters on a predictive equation. Wear 2005, 259, 95–101. [CrossRef]

13. Ji, H.; Zhang, S.W.; Liu, X.Q. Effect of solid particles on erosion wear of prestage of jet deflector servo valve. J. Lanzhou Univ.
Technol. 2018, 44, 44–48.

14. Yin, Y.B.; Fu, J.; Jin, Y. Numerical simulation of erosion wear of pre-stage of jet pipe servo valve. J. Zhejiang Univ. (Eng. Sci.) 2015,
49, 2252–2260.

15. Yan, H.; Li, J.; Cai, C.; Ren, Y. Numerical investigation of erosion wear in the hydraulic amplifier of the deflector jet servo valve.
Appl. Sci. 2020, 10, 1299. [CrossRef]

16. Chu, Y.; Yuan, Z.; He, X.; Dong, Z. Model construction and performance degradation characteristics of a deflector jet pressure
servo valve under the condition of oil contamination. Int. J. Aerosp. Eng. 2021, 2021, 8840084. [CrossRef]

17. Meng, L.; Zhu, Y.; Ding, J.; Cheng, W. Influence of wedge erosion deformation on working characteristics of jet pipe servo valve.
J. Beijing Univ. Aeronaut. Astronaut. 2022. [CrossRef]

18. Wang, S.; Zhang, Z.; Yan, H.; Xu, L.; Dong, L. Dynamic modeling and characteristics investigation of jet deflector servo valve.
Acta Armamentarii 2018, 39, 598–607.

19. Shih, T.H.; Liou, W.W.; Shabbir, A.; Yang, Z.; Zhu, J. A new k-eddy viscosity model for high reynolds number turbulent flows.
Comput. Fluids 1995, 24, 227–238. [CrossRef]

20. Saffman, P.G. The lift on a sphere in a slow shear flow. J. Fluid Mech. 1965, 22, 385–400. [CrossRef]
21. Rubinow, S.I.; Keller, J.B. The transverse force on a spinning sphere moving in a viscous fluid. J. Fluid Mech. 1961, 11, 447–459.

[CrossRef]
22. Gosman, A.D.; Ioannides, E. Aspects of computer simulation of liquid-fuelled combustors. Energy 1983, 7, 482–490.
23. McLaughlin, J.B. Inertial migration of a small sphere in linear shear flows. J. Fluid Mech. 1991, 224, 261–274. [CrossRef]
24. Mei, R. An approximate expression for the shear lift force on a spherical particle at finite reynolds number. Int. J. Multiph. Flow

1992, 18, 145–147. [CrossRef]
25. Oesterlé, B.; Dinh, T.B. Experiments on the lift of a spinning sphere in a range of intermediate reynolds numbers. Exp. Fluids 1998,

25, 16–22. [CrossRef]
26. Alister Forder, A.; Martin Thew, A.; David Harrison, B. A numerical investigation of solid particle erosion experienced within

oilfield control valves. Wear 1998, 216, 184–193. [CrossRef]
27. Russell, R.; Shirazi, S.; Macrae, J. A new computational fluid dynamics model to predict flow profiles and erosion rates in

downhole completion equipment. In Proceedings of the SPE Annual Technical Conference and Exhibition, Houston, TX, USA,
26–29 September 2004; pp. 3723–3749.

28. Nguyen, Q.B.; Lim, C.Y.H.; Nguyen, V.B.; Wan, Y.M.; Nai, B.; Zhang, Y.W.; Gupta, M. Slurry erosion characteristics and erosion
mechanisms of stainless steel. Tribol. Int. 2014, 79, 1–7. [CrossRef]

29. Amarendra, H.J.; Chaudhari, G.P.; Nath, S.K. Synergy of cavitation and slurry erosion in the slurry pot tester. Wear 2012, 290,
25–31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.wear.2005.01.039
http://doi.org/10.3390/app10041299
http://doi.org/10.1155/2021/8840084
http://doi.org/10.13700/j.bh.1001-5965.2022.0041
http://doi.org/10.1016/0045-7930(94)00032-T
http://doi.org/10.1017/S0022112065000824
http://doi.org/10.1017/S0022112061000640
http://doi.org/10.1017/S0022112091001751
http://doi.org/10.1016/0301-9322(92)90012-6
http://doi.org/10.1007/s003480050203
http://doi.org/10.1016/S0043-1648(97)00217-2
http://doi.org/10.1016/j.triboint.2014.05.014
http://doi.org/10.1016/j.wear.2012.05.025

	Introduction 
	Theory and Mathematical Models 
	Working Principle of the DJSV 
	Mathematical Model of the Torque Motor 
	Prestage Amplifier Model 
	Mathematical Model of Slide Valve 

	Erosion Modeling 
	Continuous Phase Model 
	Particle Force Modeling 
	Particle Recoil Modeling 
	Erosion Model 

	Simulation and Numerical Schemes of SPC 
	Simulation Modeling 
	Particle Size Distribution Function 

	Result and Discussions 
	Pressure under Different Deflector Displacement 
	Change in Erosion Rate upon Varying Contamination Degrees 
	Erosion under Different Deflector Displacement 
	Changes in Pressure in the Receiving Holes after Erosion 
	Impact of Erosion on Valve Performance and Life Prediction 

	Conclusions 
	References

