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The deﬂector jet pressure servo valve is a kind of high-precision hydraulic component that can be widely used in the antiskid
braking system of an aircraft. In actual service, it will be faced with extreme working conditions of gradual oil contamination,
which will cause performance degradation and function maladjustment of the whole valve. To this end, the paper proposes a
performance degradation characteristic analysis method. In which, ﬁrstly, the structural characteristics and working principle of
the deﬂector jet pressure valve are analyzed; then, the entire dynamics model of the pressure valve is built using the braking
cavity as the load blind cavity. Secondly, the two main failure modes induced by oil contamination such as erosion wear of pilot
stage and stuck of slide valve stage’s valve core are determined based on the engineering experience, aimed at which the failure
mechanism is analyzed; then, the sensitivity simulation model of the servo valve’s output pressure with respect to key
degradation parameters is established and the sensitivity analysis is performed. Finally, combining the theoretical analysis with
multiphysics simulation correction methods, the performance degradation model of the typical failure modes are established,
and then, the performance degradation characteristics under dynamic contamination conditions are analyzed, which is
combined with the failure threshold determined by the dynamics simulation to ﬁnish the service life prediction of the deﬂector
jet servo valve.

1. Introduction
An electrohydraulic servo valve is the core hydraulic component of electrohydraulic control, after receiving the input
electric control signal, which outputs corresponding modulated ﬂow or pressure. Among them, the pressure servo valve
with pressure as output is essentially a relief valve, which has
the advantages of fast response, high sensitivity, large output
power, and controllable output pressure [1]. The pressure
valve was ﬁrst used in the antiskid braking system of an aircraft around 1950. After nearly 70 years’ development, a
two-stage pressure valve can be applied to the antiskid braking system mainly including the nozzle ﬂapper servo valve,
jet pipe servo valve, direct drive servo valve, and deﬂector
jet servo valve. The working environment of a highly reliable

antiskid braking system of the aircraft determines the basis
for evaluating the performance of the pressure valve involving the pilot stage’s driving force, static and dynamic performances, and anticontamination performance [2].
The design and process technology of the nozzle ﬂapper
pressure valve are mature. The ﬂapper of the pilot stage’s
moving part has a small inertia, fast response speed, and high
control sensitivity. However, the size between nozzle and
ﬂapper is just 0.03 mm-0.05 mm, which has the drawbacks
of easy block, poor anticontamination ability, and can only
work under NAS6 or NAS7 oil for a long time. In the pilot
stage of the jet pipe pressure valve, the 0.2 mm-0.4 mm clearance between the nozzle and receiver determines its relatively
high anticontamination ability, which can also work normally at the oil level of GJB420B 9, but the jet pipe ampliﬁer
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has shortcomings including complicated structure, more
welding parts, stress concentration, poor stiﬀness of impulse
pipe, and insuﬃcient pressure stability. The direct drive pressure valve formed by replacing the hydraulic pilot stage with
an electronic drive has the advantages of small size, light
weight, strong anticontamination ability, and good performance. However, the pilot drive capacity of the electric feedback form is low, and the volume of servo valve for required
driving force is too large to meet the requirements. To overcome the above deﬁciencies, the deﬂector jet pressure servo
valve is proposed which integrates the main advantages of
the three pressure valves [3].
The deﬂector jet pressure servo valve uses the principle of
the jet pipe servo valve [4], and a deﬂector plate is added
between the jet outlet and the receiver, by which the deﬂection of jet pipe is replaced with the deﬂection of deﬂection
plate controlled by the torque motor to realize the pilot stage
jet control. Because the gap among the nozzle of the jet sheet,
the deﬂector plate, and the jet plate are large, it has the advantages of not easy to block, strong driving ability, strong anticontamination ability, and small inertia of moving parts. In
order to meet the stable pressure output, the clearance
between the spool valve and valve sleeve is only 2 μm-4 μm.
Oil contamination will not only cause erosion wear on the
working surface of pilot stage but also induce the valve core’s
stuck of the spool stage, which will bring about performance
degradation of the deﬂector jet pressure valve and even cause
a major failure of the braking system. Therefore, the model
construction, performance degradation characteristic analysis, and service life prediction of the deﬂector jet pressure
valve under oil contamination are a major issue that needs
to be solved urgently.
At present, the public literature related to the deﬂector jet
pressure valve is less. Only AVIC has given a new type of
deﬂector jet pressure valve; the mechanism of torque motor,
deﬂector jet ampliﬁer, and slide valve has been studied, and
the whole valve model has been established, which has certain theoretical support for the development of the deﬂector
jet pressure valve [3]. However, there are many researches
about the pilot stage which can be divided into three aspects
[5, 6]: (1) the performance researches about traditional
deﬂector jet servo valve. The researches mainly take pressure
characteristics and ﬂow characteristics as starting point, then
establish corresponding mathematical models to analyze and
infer the key factors aﬀecting the performance of servo valve
[7, 8]. (2) Structural improvement of deﬂector jet servo
valves: the improvement works mainly focuses on the optimization of key structural parameters of the pilot stage [9,
10]. (3) Process technology improvement of the deﬂector
jet servo valve: carrying out the process improvement studies
to improve the process quality of the pilot stage [11]. At the
same time, there are also researches involving the erosion
wear and the reliability of the servo valve. For the erosion
of the jet pipe servo valve’s pilot stage, the trajectory of the
oil and particles in the multiphase ﬂow was analyzed by Yin
et al.; then, the inﬂuence law of parameters such as the velocity and impact angle of particles to the erosion wear was carried out [12]. Based on the Fluent software, Chu et al.
established a visual simulation model of nozzle to receiver
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in the pilot stage, then carried out simulation of erosion rate
and calculation of the servo valve’s theoretical life [13, 14].
Based on the GSPN theory, collected basic failure modes,
and failure rate data of the jet pipe servo valve, Chu et al. propose a novel modeling and simulating method for the system’s dynamic behavior [15]. The oil ﬂow and particle’s
moving trajectory of the deﬂector jet servo valve’s pilot stage
was analyzed by Ji et al.; then, the maximum speed of particles with diﬀerent diameters and its inﬂuence on the erosion
for the pilot stage were calculated [16]. The rest of research is
mainly based on the comparison between pilot stage clearance size and particle size and then qualitatively gives other
types of servo valves’ advantages and disadvantages [17], or
qualitatively analysis through experiments to show the oil
quality control should be strengthened [18]. Based on the
above, the main deﬁciencies of the current performance degradation characteristics of the deﬂector jet pressure valve
under oil contamination conditions are as follows: (1) most
analyses about the performance of the pilot stage are only
the qualitative analysis, (2) without considering the performance degradation of oil contamination to the special clearance structure of the slide valve stage, (3) the inﬂuence of oil
pollution level is not considered, and (4) the quantitative
analysis of the performance degradation and service life of
the entire valve under oil contamination are not performed.
To solve these issues, this paper is focused on the performance degradation characteristics of a DJPSV induced by oil
contamination. Firstly, the entire valve dynamics model is
built using the braking cavity as the load blind cavity. Secondly, the two main failure modes induced by oil contamination such as erosion of pilot stage and stuck of valve core are
determined based on the engineering experience, aimed at
which the failure mechanism is analyzed; then, the sensitivity
simulation model of the servo valve’s output pressure with
respect to key degradation parameters are established and
the sensitivity analysis is performed. Finally, combining the
theoretical analysis with multiphysics simulation correction
methods, the performance degradation model of the typical
failure modes is established, and then, the performance degradation characteristics under dynamic pollution conditions
are analyzed, which is combined with the failure threshold
determined by the dynamics simulation to ﬁnish the service
life prediction of the deﬂector jet servo valve.

2. Structural Feature and Working Principle of
the DJPSV
The deﬂector jet pressure valve is composed of a torque
motor, armature-deﬂection plate assembly, jet ampliﬁer,
and slide valve assembly. The structure of deﬂector jet pressure valve is shown in Figure 1, where R, P, J, and S represent
the oil return port, slide valve pressure inlet, pilot stage pressure inlet, and braking port of the servo valve, respectively; P
and J provide 21 MPa oil pressure for the servo valve, and
when the braking port J is connected with the braking system
of the aircraft, the braking cavity is a special blind cavity
structure.
When the control signal is input to the coil of the servo
valve, a control torque is generated to the armature assembly,
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Figure 1: The structure of the deﬂector jet pressure servo valve.

which makes the armature assembly deﬂect clockwise, the
deﬂector plate deviate to the left, and a control pressure difference is generated on the annular surface at both ends of
the valve core, which makes the valve core move to the right,
the oil return control edge is gradually closed, the oil inlet
control edge is gradually opened, and the braking pressure
is increased. When the control force acting on the valve core
is balanced with the feedback force, the valve core is stable at
a certain position (the oil inlet, the brake port and the oil
return port are not mutually connected), and the servo valve
outputs a braking pressure proportional to the input current
to realize the pressure control with positive gain.

3. Mathematical Model of the DJPSV
3.1. Mathematical Model of the Torque Motor. The function
of a torque motor in the servo valve is to convert electrical
signal into mechanical motion, after receiving input current
signal ic output the ﬁnal driving torque T m :
T m = K t ic + K m θ,

ð1Þ

where K t = ð2a/LÞN c ϕg is the middle position electromagnetic torque coeﬃcient of torque motor. K m = 4ða/lÞ2 ϕ2g Rg
is the electromagnetic spring stiﬀness of the torque motor.
a is the radius from the armature shaft to the center of the
guide magnet. L is the length of the armature. N c is the coil
turns. φg is the ﬁxed ﬂux. Rg is the reluctance. θ is the deﬂector angle of the armature.
The stable process of the armature assembly is the balance process of various moments acting on it; the motion
equation of the armature assembly is as follows:


T m = J a s2 + Ba s + K a θ,

ð2Þ

where J a is the moment inertia of the armature assembly. Ba
is the viscous damping coeﬃcient of the armature assembly.
K a is the spring pipe stiﬀness.
The deﬂector plate deﬂects under the action of the torque
motor, the deﬂector angle is θ, and the deﬂector displacement
is x f ; their relation is expressed as follows:
x f = rθ,

ð3Þ

where r is the distance from the end of deﬂector plate to its
rotating center.
3.2. Mathematical Model of the Jet Ampliﬁer. The deﬂector jet
ampliﬁer is a nonthrottling hydraulic ampliﬁer. The deﬂector
deﬂects a relative position of the receiver, which results in a
pressure diﬀerence between the two receiving holes, so as to
realize the conversion and ampliﬁcation of the control slide
valve. The relation between the pressure diﬀerence ΔP of
the two cavities and the oﬀset distance x f of the deﬂector is
deduced as
ΔP = kp x f :

ð4Þ

3.3. Mathematical Model of the Slide Valve
3.3.1. The Force Balance Equation of Main Valve Core. The
valve core is driven by combined action of the pressure diﬀerence of control chamber and the pressure diﬀerence of the
feedback chamber and the return spring. When the valve
core moves in the valve sleeve, the force it receives also
includes inertia force, damping force, and friction force.
Therefore, the dynamic equation of the deﬂector jet pressure
valve’s valve core can be expressed as
ΔPAv − ðPs − Pr ÞA f = mv €xv + Bv x_ v + K h xv + F f ,

ð5Þ
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Figure 2: The dynamic characteristic block diagram of the deﬂector jet pressure valve.

F f = F f 1 + F f 2,

ð6Þ

where F f 1 is the friction induced by contamination stagnation and F f 2 is the friction induced by hydraulic
stagnation.
The friction induced by hydraulic stagnation F f 2 is calculated as
F f 2 = 2ko k jy lvo dvo ΔPvo ,

ð7Þ

where ko is the hydraulic stagnation coeﬃcient. k jy is the
inﬂuence coeﬃcient of three equalizing grooves on the
hydraulic stagnation force. lvo is the shoulder length of valve
core. dvo is the diameter of the valve core at shoulder. ΔPvo is
the pressure diﬀerence between both sides of the shoulder.
3.3.2. Flow Equation of the Slide Valve. When the deﬂector
plate deﬂects in the positive direction, the pressure diﬀerence
between the control chambers causes the valve core to move
in the positive direction, and the input high-pressure oil
enters the braking chamber to increase the braking pressure.
Simultaneously, the braking chamber is connected with the
feedback chamber on one side of the valve core, and the
return oil is connected with the feedback chamber on the
other side to generate the pressure diﬀerence of the feedback
chamber. The ﬂow from oil supply inlet to braking chamber
is
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
Q L = C v W ðx v − x 0 Þ
ðP − Ps Þ,
ρ h

ð8Þ

where C v is the ﬂow coeﬃcient. W is the area gradient of
valve core opening. xv is the displacement of spool core. x0
is the overlap between spool core and spool sleeve.. Ph is
the supply oil pressure. Ps is the braking pressure.

2.5

Brake pressure (Pa)

where xv is the displacement of the valve core. Ps is the braking pressure. Pr is the return prerssure. mv is the quality of
valve core. Bv is the viscous damping of valve core and load.
K h is the stiﬀness of the return spring. F f is the friction
between the spool and sleeve mainly induced by hydraulic
stagnation and contamination stagnation, which is calculated
as

×107
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Figure 3: The pressure response of DJPSV.

The linearized equation of Equation (8) is showed as
QL = kq xv − kc ðPh − Ps Þ,

ð9Þ

where kq is the ﬂow ampliﬁcation coeﬃcient. kc is the ﬂow
pressure ampliﬁcation coeﬃcient.
Furthermore, the relation between the load ﬂow QL and
the braking chamber pressure Ps is shown as

QL =

Vt
sP ,
E s

ð10Þ

where E is the hydraulic oil bulk modulus.
3.4. Mathematical Model of the Entire Valve. Based on Equations (1)–(10), the dynamic characteristic block diagram of
the deﬂector jet pressure valve can be obtained as Figure 2.
Building a MATLAB/SIMULINK simulation program,
the pressure response of the deﬂector jet servo valve when
the step current is input is shown in Figure 3. It can be seen
under the initial structural parameters that the system pressure quickly stabilizes at 21 MPa after receiving the 60 mA
input signal. However, the output pressure will gradually
deteriorate because of the extension of service time and the
increase of the contamination oil level.
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4. Oil Contamination Sensitivity of the DJPSV
4.1. Dominant Mode of Gradual Failure Induced by Oil
Contamination. By performing FMEA on the deﬂector jet
pressure valve, it can be found that oil contamination is the
main and the highest probability cause of servo valve’s failure. Failure modes caused by oil contamination include sudden failures and gradual failures. The so-called gradual
failures mean with the extension of service life, a certain performance index of the servo valve, cannot be maintained
within the speciﬁed normal range. The gradual failure mode
of the deﬂector jet pressure valve due to oil contamination
mainly includes erosion wear of pilot stage and spool movement failure of slide valve stage.
(1) The erosion wear of pilot stage. Erosion wear is
deﬁned as the process of material loss when the solid
surface contacts with the ﬂuid containing particles
and moves relatively, in which the particle diameter
is usually less than 1 mm and the particle speed is
not more than 550 m/s. As shown in Figure 4, a certain number of particles are ejected from the jet nozzle along with the oil. After encountering the
deﬂector, they impact on the inner wall of the wedge
and the receiving holes on both sides at a certain
speed and angle and produce erosion wear, which
leads to the performance degradation of the jet
ampliﬁer and aﬀects the performance of the whole
pressure valve
(2) Spool movement failure of slide valve stage. Under
the two conditions of valve core’s frequent action
and long-time static, the movement failure of valve
core induced by oil contamination comes from two
diﬀerent failure mechanisms. For the long-time static
valve core, the clamping force mainly comes from the
friction caused by the ﬁlter cake during the static
time, which has certain regularity. In the deﬂector
jet pressure valve, after the valve core is stationary
for a certain time, “sensitive particles,” will enter the
clearance between the valve core valve sleeve, some
of the contaminated particles will ﬂow out of the

Valve sleeve
Oil leakage

ds

lc

spool

dx

Valve sleeve
L

Figure 5: The diagram of ﬁlter cake formation induced by oil
contamination

clearance along with the leakage ﬂuid, some of them
will be trapped in the clearance, they will intercept
other contaminated particles, after which the ﬁlter
cake will be formed in the clearance shown in
Figure 5, which will aﬀect the response of slide valve.
When the driving force is not big enough to push the
valve core, the slide valve fails to move.
4.2. Sensitivity Analysis about the Deterioration Parameters.
Based on the mathematical model and assuming x1 = Ps , x2
€ s , the state space model of DJPSV can be
= P_ s , and x3 = P
obtained as Equation (11). From which, the factors aﬀecting
system performance caused by oil contamination include
pressure gain kp of pilot stage and stuck friction F f 1 of the
valve core, the erosion can cause the changing of kp , and
the stuck of the valve core will raise the value of F f 1 . Therefore, it is necessary to carry out the sensitivity analysis of
DJPSV to kp and F f 1 , that is, to analyze the sensitivity of
key parameters induced by oil contamination.
8
y = x1 ,
>
>
>
>
>
< x_ 1 = x2 ,
>
x_ 2 = x3 ,
>
>
>
>
:_
x3 = −k1 x1 − k2 x2 − k3 x3 + bu − dF f + cPr + gPh ,
ð11Þ

6
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The sensitivity function of vector x to parameter α and its
initial condition are deﬁned as

where k1 = ð−kh kc E + EA f K q Þ/mv V t ,
k2 =

kh V t − Bv kc E
,
mv V t

k3 =

B v V t − mv k c E
,
mv V t

b=

kp kq kt rAv E
,
ð k a − k m Þm v V t

kq E
,
d=
mv V t

λi =
λi0
ð12Þ

−kc kh E
:
mv V t

ð13Þ

where x is N-dimensional state vector, u is R-dimensional
input independent of α, and t is time.
The solution of Equation (13) is
xn ðt Þ = φðt, αn Þ:

ð15Þ

In this work, u and α are independent, taking the derivative of Equation (13) on both sides of α as
ð16Þ

Select related vector of the DJPSV as

The sensitivity analysis of key parameters induced by oil
contamination is carried out using the ﬁrst-order trajectory
sensitivity model. Trajectory sensitivity is to study the change
of state vector caused by the change of parameters according
to the state equation. The state equation of the DJPSV can be
expressed as
x_ = f ðx, u, α, t Þ,

∂x
= 0 , i = 1, 2, ⋯, p:
∂αi

 
 
_λi = ∂f λi + ∂f , i = 1, 2, ⋯, p:
∂x n
∂αi n

A f kq E
c=
,
mv V t
g=

∂x
, i = 1, 2, ⋯p,
∂αi

ð14Þ

8
x = ð x 1 , x 2 , x 3 Þ,
>
>
<
u = ðuÞ,
>
>
:
α = ðα1 , α2 ,⋯,α17 Þ,

ð17Þ

where the state vector parameter of the DJPSV is x1 = Ps , x2
€ s ; the input vector parameter is u = ic ; the
= P_ s , and x3 = P
parameter vector parameter is α1 = K h , α2 = kc , α3 = E, α4 =
mv , α5 = V t , α6 = A f , α7 = kp , α8 = kq , α9 = Bv , α10 = kt , α11 =
Av , α12 = r, α13 = ka , α14 = km , α15 = F f , α16 = Pr , and α17 =
Ph .
Then, the state space model of the DJPSV can be
expanded into

8
y = x1 ,
>
>
>
>
>
>
< x_ 1 = x2 ,
x_ 2 = x3 ,
>
>
>
>
>
> x_ = − −α1 α2 α3 + α3 α6 α8 x − α1 α5 − α2 α3 α9 x − α5 α9 − α2 α3 α4 x + α3 α7 α8 α10 α11 α12 u − α3 α8 α15 + α3 α6 α8 α16 + −α1 α2 α3 α17 :
:
3
1
2
3
α4 α5
α4 α5
α4 α5
α4 α5
α4 α5
α4 α5
ðα13 − α14 Þα4 α5

ð18Þ

The partial derivative of state equation function to the
state vector x is conducted; then, the coeﬃcient term of sensitivity function can be obtained as
8


∂f
−α1 α2 α3 + α3 α6 α8 T
>
>
=
0,
0,−
,
>
>
>
∂x1
α4 α5
>
>
>
>


<
∂f
α α − α2 α3 α9 T
= 1, 0,− 1 5
,
>
∂x2
α4 α5
>
>
>
>


>
>
∂f
α5 α9 − α2 α3 α4 T
>
>
:
= 0, 1,−
:
∂x3
α4 α5

The partial derivative of state equation function to the
state vector α is conducted; then, the free term of sensitivity
function can be obtained as

T
∂f
ααα α α
= 0, 0, 3 8 10 11 12 u ,
∂α7
ðα13 − α14 Þα4 α5

ð19Þ



∂f
α3 α8 T
= 0, 0,−
:
∂α15
α4 α5

ð20Þ

ð21Þ

The initial value of state vector x is x0 = 0; then, the initial
value of sensitivity function is

7
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λi0 = 0, i = 1, 2, ⋯, 11:

ð22Þ

Based on the simulation model, the diﬀerential equation
is solved in the command interface of MATLAB using the
fourth-order/ﬁfth-order Runge-Kutta algorithm; then, the
sensitivity function λi1 ði = 7, 15Þ of step response x1 to
parameter αi ði = 7, 15Þ are shown in Figure 6.
According to the curves of sensitivity function shown in
Figure 6, the sensitivity of the system decreases rapidly in
the dynamic response process and gradually stabilizes to a
nonzero value in the steady state process, that is, the change
of kp and F f 1 will aﬀect system performance in the whole
response process and the friction induced by hydraulic stagnation F f 2 is simpliﬁed as constant. Therefore, it is necessary
to analyze the failure modes’ law induced by oil contamination and will ﬁnally bring out performance degradation of
the deﬂector jet pressure servo valve.

5. Performance Degradation Characteristics
and Service Life Prediction of the DJPSV
5.1. The Erosion Wear of Pilot Stage
5.1.1. Mathematical Model of the Degradation Process
(1) Basic Fluid Flow. Neglecting the heat conduction and
compressibility of the ﬂow, the numerical simulation of oil
ﬂow in the pilot stage of the deﬂector jet pressure valve can
be performed through the mass conservation equation, the
momentum conservation equation, and the standard k‐ε
transport equation. The mass conservation equation and
momentum conservation equation are shown as
∇ ⋅ ðρvÞ = 0,
∇ ⋅ ðρvvÞ = −∇p+∇ðτÞ + ρg + F,

ð23Þ
ð24Þ

where ρ is the ﬂuid density. v is the ﬂuid velocity. p is the
pressure on ﬂuid microelement. Τ is the stress tensor. ρg
and F are the gravitational body force and force body force,
respectively.

(2) Discrete Phase Model. The volume fraction of solid particles in the hydraulic oil of the servo valve is far less than 10%;
thus, the discrete phase model (DPM) in FLUENT can be
used to simulate the movement of solid particles.
Particle force equation: analyzing the force of particles,
the particle motion equation is established shown in Equation (25), then solve the diﬀerential equation in the Lagrangian coordinate system to obtain the motion orbit of particles.



 g x ρp − ρ
dup
= F d ul − up +
+ Fx,
dt
ρp

ð25Þ

where up and ul are the velocity of the particle and liquid. ρp
and ρ are the density of particle and liquid. F d ðul − up Þ is the
drag force on particles. gx ðρp − ρÞ/ρp is the gravity of particles. F x is the additional force
Wall collision model: the particles move with hydraulic
oil and will be back to the ﬂow ﬁeld when bounced against
the wall. The rebound coeﬃcient proposed by Grant and
Tabakoﬀ is used to describe the change of normal and tangential directions’ momentum of particles before and after
collision with the wall [19]
vn2
= 0:993 − 1:76θ + 1:56θ2 − 0:49θ3
vn1
v
et = t2 = 0:998 − 1:66θ + 2:11θ2 − 0:67θ3
vt1

en =

ð26Þ

Particle distribution model: diﬀerent diameter particles
are distributed in the contaminated oil, which can be
expressed by Rosin-Rammler [20] shown as


yd = e−ðd/dÞ ,
n

ð27Þ

where d and d are the diameter and the mean diameter of
particles, respectively; the value of d is obtained by noting
that value of d at which yd = e−1 ≈ 0:368; yd is the mass
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fraction with diameter greater than d; and n is the spread
parameter, and the value for n is given as [20]
ln ð−ln yd Þ
n=
 
ln d/d

ð28Þ

Erosion wear model: the model proposed by Edwards
et al. [21] through carrying out erosion experiments of sand
to the surface of carbon steel, which is used for the erosion
rate’s calculation of servo valve shown in Equation (29).
 
mp C d p f ðαÞvbðvÞ
,
Af
p=1
N

Re = 〠

ð29Þ

where Re is the erosion rate. p is the particle number. mp is
the mass ﬂow rate of the particle. Dp is the diameter of particle. C ðdp Þ is the function of particle diameter. α is the impact
angle between particle trajectory and wall. f ðαÞ is the function of impact angle; the value of f(α) is shown as Table 1. b
ðvÞ is the function of particle’s relative velocity. Af is the area
of the particle impact wall
(3) Performance Degradation Mechanism Model. Contaminated oil is ejected from the deﬂector at a high speed and
impact angle, and erosion wear will occur on the two
receivers and the platform between them, which cause material removal at the top of the boss as shown in Figure 7. During the erosion wear process, the size change of pilot stage
includes the increase of longitudinal wear dimension Le and
the increase of distance e between the receiver holes, where
the relationship between Le and e is shown in Equation
(30). Ignoring the eﬀect of Le ’s change on the pressure gain
of pilot stage, it is necessary to theoretically analyze the eﬀect
of e’s change on the pressure gain.
The ﬂow diagram of oil in the pilot stage is shown in
Figure 8; the oil enters the V-groove of deﬂector plate with
pressure pi from the top and then ejects from the deﬂector
plate nozzle with p1 after accelerating and reducing pressure.
The pressure at the left and right receivers is, respectively,
p4 ðQ4 Þ and p3 ðQ3 Þ, and some oil ﬂows out of the pilot stage
with ﬂow Q5 and Q6 through the gap. The top view of the
dotted line part is shown in Figure 9.
Le = h − ðL − eÞ



tan ðαÞ
:
2

ð30Þ

When the deﬂector plate is in zero position, the load ﬂow
is zero, and the inlet pressure of the two receivers is equal:
p3 = p4 =

1
p1 ,
1 + ðK − 1Þ2

ð31Þ

where K = 2c/ðB − eÞ, which is used to indicate the positional
relationship between the deﬂector nozzle and the inlet of
receivers.

Table 1: The relationship between f ðαÞ and α [22].
Number
1
2
3
4
5

Angle α (°)

f ðαÞ valve

0
20
30
45
90

0
0.8
1
0.5
0.4

The pressure gain kp of pilot stage is shown in Equation
(32) [23]. The parameter change caused by erosion will not
change p1 , so the analysis of pilot stage pressure gain kp ’s
change trend is shown in Figure 10, which is combined with
Equation (30) to prove erosion wear will cause a decrease in
the value of kp and will cause system performance to deteriorate.
kp =

4ðK − 1ÞðK − 2Þ
p1 : ð32Þ
½ðK − 1Þc + ð1 − ðK/2ÞÞðB − eÞ 1 + ðK − 1Þ2

5.1.2. The Erosion Wear Simulation and Analysis of Pilot
Stage. The ﬂow ﬁeld from the deﬂector to receiver is relatively
complicated, and the erosion rate is the largest; thus, the grid
is encrypted in these places and numerical simulation of erosion rate is performed using FLUENT. Set 21 MPa pressure
as the inlet boundary condition, 0.5 MPa pressure as the outlet boundary condition, 1070 kg/m3 as the oil density, and
0.0123 Pas as the oil dynamic viscosity. On the basis of continuous phase’s convergence, the discrete phase model is set
up to simulate the movement of particles and calculate the
erosion rate. The concentration and distribution of particles
in the oil is determined according to the GJB420B standard
shown in Table 2 [24]. The particle distribution obey the
Rosin-Rammler distribution, the average diameter of particles is set as 44 μm, the spread parameter is set as 1.52, and
the Discrete Random Walk model is used to deal with the
interaction between the particles and the discrete vortex of
the ﬂuid; based on all the above setting, the actual diﬀerent
operating conditions are numerically simulated.
(1) Simulation When Deﬂector is in Zero Position. When the
deﬂector is in zero position, the ﬂow velocity distribution of
the pilot stage is shown in Figure 11. The oil enters the jet disc
from the inlet, decreases pressure and increases speed at the
constriction neck, and ﬁnally collides with the receiver and
its middle part and ﬂows to the outlet. The trajectory of the
contaminated particles moving along is shown in Figure 12.
The place where the most intense collision of particles is
the boss in the middle of the receivers can be found, and
according to the model of erosion rate on the impact angle
and velocity parameters, it can be inferred that the maximum
erosion rate is shown in Figure 13; its maximum value is
4:60e − 9 (kg/m2s).
(2) The Relation between the Erosion Rate and Oﬀset of
Deﬂector. According to the actual situation, several groups
of oil velocity and erosion rate are calculated after changing
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Figure 8: The schematic diagram of the ﬂow distribution in pilot
stage.
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Figure 10: The relationship between kp and e.

and ﬂuctuates up and down at 188 m/s, the reason of which
is the pressure diﬀerence between inlet and outlet and the
structures are the same. However, the change of erosion rate
shows a certain rule. In the range of 0-0.07 mm, the erosion
rate basically ﬂuctuates up and down at 4:5e − 9 (kg·m-2·s-1)
and reaches the maximum value at 0.07 mm, and then
decreases rapidly with the increase of oﬀset. The reason is
the width of middle boss is 0.14 mm; thus, 0.07 mm is the
contact point between the boss and receiving hole, and the
diﬀerence of ﬂow track of 0-0.07 mm is small, while the special structure, that 0.07 mm is the contact point, results in the
maximum erosion rate, and after which the erosion rate
decreases rapidly with the increase of displacement due to
the space between the receive get bigger.

pi

QL

1.4
e (m)

Figure 7: Material removal at the top of the boss.

Q5

1.2

QL

Figure 9: The relative position between the nozzle of the deﬂector
and the receiver.

the oﬀset of deﬂector, of which the relation curves shown in
Figure 14 are ﬁtted using MATLAB. It is easy to ﬁnd that
the maximum oil velocity of pilot stage is basically the same

(3) The Relation between the Erosion Rate and Diameter of
Particles. The diameter of particles is set as 1 μm, 3 μm,
5 μm, 7 μm, 8 μm, 10 μm, 15 μm, 20 μm, 25 μm, 50 μm,
60 μm, 70 μm, 80 μm, 90 μm, and 100 μm, respectively, and
other parameters are completely consistent. The simulation
and ﬁtting results shown in Figure 15 are the relation curves
among oil velocity, erosion rate, and particle diameter. It is
not diﬃcult to know that the oil velocity follows the same
rule, that is, it ﬂuctuates slightly up and down at 188 m/s.
However, the erosion rate increases with the increase of particle diameter on the whole; the reason is under the same
condition of other parameters, the increase of particle diameter will lead to the increase of erosion rate because of the
larger impact energy of particles. However, there are many
ﬂuctuations in the whole particle range, and the particle
diameter corresponding to the minimum erosion rate is
7 μm, while the diﬀerence is small in the range of 1-50 μm.
(4) The Relation between the Erosion Rate and Concentration
of Particle. Figure 16 shows the relation curves among the oil
velocity, erosion rate, and concentration of particles, in
which the particle diameter is ﬁxed at 50 μm; the concentration of particles is set, respectively, as 0:63e − 14 kg/s, 1:25e
− 14 kg/s, 2:5e − 14 kg/s, 5e − 14 kg/s, 1e − 13 kg/s, 2e − 13
kg/s, 4e − 13 kg/s, 8e − 13 kg/s, 16e − 13 kg/s, and 32e − 13
kg/s, and other parameters are completely consistent. The
oil velocity follows the same rule, that is, it ﬂuctuates slightly

10

International Journal of Aerospace Engineering

Table 2: The contamination degree data (particle number per
100 mL) of GJB420B.
Level

>1 μm

>5 μm

1
2
3
4
5
6
7
8
9
10

1560
609
3120
1220
6250
2430
12500
4860
25000
9730
50000 19500
100000 38900
200000 77900
400000 156000
800000 311000

>15 μm >25 μm >50 μm >100 μm
109
217
432
864
1730
3460
6920
13900
27700
55400

20
39
76
152
306
612
1220
2450
4900
9800

4
7
13
26
53
106
212
424
848
1700

1
1
2
4
8
16
32
64
128
256

Contour-25
Velocity magnitude (mixture)

1.65e+02
1.41e+02
1.18e+02
9.40e+01
7.05e+01
4.70e+01
2.35e+01
0.00e+00

Figure 11: The ﬂow velocity distribution of pilot stage.
4.54e–03
3.97e–03
3.40e–03
2.84e–03

le
Sing

par

ticle

2.27e–03
1.70e–03

4.6e+09
4.0e+09
3.4e+09
2.9e+09
2.3e+09
1.7e+09
1.1e+09
5.7e+10
0.0e+00
(kg/m2–s)

Figure 13: The diagram of erosion rate distribution.

as the target is directly proportional to the amount of contamination particles.

1.88e+02

(m/s)

Contour-21
DPM erosion rate (Generic) (mixture)

Enlarge

1.13e–03
5.67e–03
9.01e–03

Figure 12: The particle trajectory of the pilot stage.

up and down at 188 m/s. However, the relationship between
the increase of erosion rate and the increase of particle concentration is almost linear, because in the eﬀective range of
particle concentration, the removal amount of the receiver

(5) The Relation between the Erosion Rate and Oil Pollution
Level. According to GJB420B, diﬀerent oil pollution levels
contain the same particle diameter distribution, but the particle concentration is diﬀerent. The oil pollution levels are set
as 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10, respectively, and other parameters are completely consistent. The simulation and ﬁtting
results shown in Figure 17 is the relation curves among oil
velocity, erosion rate, and oil level. The oil velocity follows
the same rule, that is, it ﬂuctuates slightly up and down
188 m/s. However, the erosion rate increases exponentially
with the increase of oil pollution level. The reason for this
result is that although the particle diameter distribution of
diﬀerent oil pollution level is completely consistent, but the
particle concentration between adjacent oil pollution levels
meets the relationship of twice.
5.2. Spool Movement Failure of Slide Valve Stage. The movement of contamination particles in the clearance is mainly
the translation with the oil and the rotation around its center
of gravity. Because most of them are ellipsoidal, when the size
of particles along the radial direction of slide valve is smaller
than the clearance, they can enter the clearance with oil. In
the rotation movement, the size of ellipsoidal particles along
the radial direction of the clearance will change due to the
diﬀerent rotation angles. When the radial size of particles
increases to the same size as the radial size of clearance, the
particles are trapped in the clearance of the slide valve.
5.2.1. Mathematical Model of the Degradation Process
(1) Interaction Model between Contamination Particles and
Motion Pair Surfaces. As shown in Figure 18, when the contamination particles contact with the valve core and valve
sleeve, the normal deformation δ1 and δ2 are generated in
the upper and lower hemispheres under the action of clamping force F N1 and F N2 due to diﬀerent surface hardness of the
valve core and valve sleeve, which make the shape of particles
from a dotted line proﬁle to a solid line proﬁle. When the
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Figure 14: The relation curves among oil velocity, erosion rate, and
deﬂector’s oﬀset.

5

190

4

180

3

170

2

160

1

150

Erosion rate (kg/(m2·s))

190

×10–8

200

Velocity (m/s)

Velocity (m/s)

5
Erosion rate (kg/(m2·s))

×10–9

200

11

0
2

4
6
Oil pollution level

8

10

Figure 17: The relation curves among oil velocity, erosion rate, and
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Figure 15: The relation curves among oil velocity, erosion rate, and
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Figure 16: The relation curves among oil velocity, erosion rate, and
particle’s concentration.

bearing stress reaches the stress limit, the contamination particles are crushed [25].
The hardness of valve core and valve sleeve is HB1 and
HB2 , respectively; the stress limit of particles is σ; and the

ð34Þ

The research shows that the eccentricity of valve core and
valve sleeve is generally between 15% and 20%. For the contamination particles with diameter d (d refers to the maximum diameter of particles, and the ratio of maximum
diameter to minimum diameter is deﬁned as K), the interaction types on the surface of slide valve pair with eccentricity
e1 varies with its position in the clearance, which is shown
in Figure 19.
For particles with diameter d in the sensitive dimension
(h − e1 , Kðh + e1 )), the radial clearance is divided into three
areas according to the diﬀerent interaction between the particle and surface of slide valve pair.
(1) No action area. In the area with circumferential angle
of ð0, θ1 Þ, the minimum diameter of particles is larger
than the clearance, and the contamination particles
cannot enter the clearance; in the area with a circumferential angle of ðθ3 , πÞ, the maximum diameter of
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F1

alent diameter d dx of particles is equal to its maximum diameter d, and the deformation reaches the
maximum value. The calculation of θ2 is as follows:

a1
Valve sleeve

𝛿1

E1'

FN1

θ2 = arccos

E2'

𝛿2

Valve core
F2

a2

Figure 18: Interaction model between contamination particles and
motion pair surfaces.
y

O1

x
O2
𝜃1

(2) Clamping Force Model of Single Particle.
(1) Calculation of clamping force in crushing area. In the
area of circumferential angle ðθ1 , θ2 Þ, the particles
with diameter d reaches the stress limit and the deformation reaches the maximum value when the valve
core is started. At this time, the equivalent diameter
of the particle has not reached its diameter d, the
equivalent diameter is related to the position of the
particle, namely,

𝜃3

e1

ddx = hθ + δ1 max + δ2 max ,

𝜃2

d dx =

Figure 19: Interaction area between contamination particles and
side valve surface.

particles is smaller than the clearance and there are
no interaction between the contamination particles
and slide valve pairs in the above areas. The θ1 and
θ3 are calculated as follows [25]:


ð35Þ

hθ
:
1 − ðσ/2HB1 Þ − ðσ/2HB2 Þ

ð37Þ

When the circumferential angle is θ2 , ddx = d:
In the strength limit region, the deformation of particles
reaches the maximum value δ1max and δ2max , so the clamping
force of particles is
F1 =


h − d/K
θ1 = arccos
,
e1


h−d
θ3 = arccos
e1

ð36Þ

(3) Deformation zone. In the area with a circumferential
angle of ðθ2 , θ3 Þ, the particles with diameter d can
enter and be trapped in the clearance due to rotation.
When the valve core is started, the particles will be
squeezed and deformed, and there will be a certain
clamping force among the valve core, valve sleeve,
and contamination particles

R
FN2

 

1
σd ðHB1 + HB2 Þ
h−d+
e1
2HB1 ⋅ HB2

1
σπðh − e1 cos ðθÞÞ2
σπd2dx =
4
ð2 − ðσ/2HB1 Þ − ðσ/2HB2 ÞÞ2

ð38Þ

(2) Calculation of clamping force in deformation area. In
the area of circumferential angle ðθ2 , θ3 Þ, when the
valve core is started, the particles are squeezed by
the valve core and valve sleeve, and the equivalent
diameter of the contamination particles is the maximum diameter d, namely,
d = h θ + δ 1 + δ2 ,
πd ðd + e1 cos ðθÞ − hÞðHB1 ⋅ HB2 Þ3/2


3/2
ð2σÞ1/2 HB3/2
1 + HB2
1/2

(2) Crushing area. In the area with a circumferential
angle of ðθ1 , θ2 Þ, the particles with diameter d enter
the clearance. When the slide valve starts, the equiv-

F2 =

(3) Interception Probability model.

ð39Þ

International Journal of Aerospace Engineering

13

(1) Theoretical interception probability. The interception probability Pd ðθÞ of ellipsoid particles with
diameter d and ratio K of long axis to short axis can
be intercepted at the circular angle θ is

θ1 ≤ θ ≤ θ3

Distribution function F

hθ − ðd/K Þ
,
d − ðd/K Þ

P d ðθ Þ =

1

ð40Þ

0.8
0.6
0.4
0.2
0
0

(2) Actual interception probability. The actual interception probability P (θ) is
PðθÞ = Pd ðθÞ ⋅ ε,

θ1 ≤ θ ≤ θ3 ,

ð41Þ

where the determination of ε is related to the probability of
the system oil entering into the clearance and the probability
of particles sticking in the clearance:
ε=



πdh3
△p 1 + 1:5ξ2
24μLQt

ð42Þ

(1) Clamping force of single particles in the clearance of
slide valve
Because the clamping force of the particles with diameter
d in the crushing area and deformation area changes with the
change of circumference angle θ, and the actual interception
probability P ðθÞ is also related to the circular angle θ, there is
ð θ2
θ1

F 1 pðθÞdθ +

ð θ3
θ2

F 2 pðθÞdθ,

ð43Þ

where F 1 and F 2 are, respectively, the clamping forces of particles in the crushing area and the deformation area
(2) The clamping force of contamination particles in the
clearance of slide valve
The research results show the size distribution of contamination particles in the hydraulic system is close to the
modiﬁed lognormal distribution, which can be expressed as
follows:
F ðd Þ = 1 − e−B ln d ,
2

ð44Þ

where B is the distribution parameter
Since the slide valve pair’s initial clearance of deﬂector jet
pressure servo valve is 2 μm-4 μm, the particle data below
5 μm is not involved in NAS1638, so the determination of
contamination particle’s mass fraction distribution basing
on GJB420B is shown in Figure 20.

40
60
80
Particle diameter d (𝜇m)

100

Figure 20: The contamination particle’s mass fraction distribution
of GJB420B.

When the static time of valve core is t, the leakage of the
slide valve is
ðt
Qt =
0

(4) Performance Degradation Mechanism Model.

Fd =

20



q0 e−t/τ dt = τq0 1 − e−t/τ ,

ð45Þ

where τ is the time constant of ﬁlter cake from stable stage to
saturation stage. When the structure of valve core and valve
sleeve is determined, the value of time constant is mainly
related to oil pollution level and particle distribution, and
its calculation is shown in
τ=



6 × 103 K 2 D2 − d 2x ð1 − εc Þ

,
d ð F ðd + ΔdÞ − F ðd ÞÞ
ð46Þ

K ðh+e1 Þ 3

4N i ðq0 − ðpA/αμLρÞÞ∑1

where εc is the ratio of hollow diameter of ﬁlter cake to clearance. N i is the total number of contamination particles in oil
pollution level of i. α is the speciﬁc resistance of ﬁlter cake. Δd
is the increment of particle diameter when counting the particle number.
The clamping force produced by contamination particles
in the clearance is as follows:
K ðh+e1 Þ

F=

〠 2F d N n Qt ½ F ðd + △dÞ − F ðdÞ:

ð47Þ

h−e1

The axial clamping friction force F f to be overcome in
the movement of valve core is
F f = kF,

ð48Þ

where k is the clamping coeﬃcient.
5.2.2. Calculation and Analysis of Clamping Force of
Valve Core
(1) The Relation between the Friction Force and Particle
Diameter. In order to obtain the relation between clamping
force of particle diameter, the contamination oil is designed
to meet the pollution level of GJB420B 7, and the diameter
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Figure 21: The relation curve between clamping friction force and
the particles diameter.

Figure 23: The relation curve between the friction force and oil
pollution level.

was extended from 3 μm to the full scale range, and the oil
pollution level is selected as level 1, level 3, level 5, level 7,
level 9, and level 11 based on the GJB420B. According to
the analysis and calculation results, the curve between the
clamping friction force of valve core and the oil pollution
level is shown in Figure 23. It can be found that the increase
of oil pollution level will cause the clamping friction force of
the valve core to increase exponentially.
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Stuck friction (N)

150

80
60
40
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Figure 22: The relation curve between sticking friction force and
the particle concentration.

of contamination particles is selected as 1 μm, 2 μm, 3 μm,
4 μm, 5 μm, 6 μm, 7 μm, 8 μm, 9 μm, and 10 μm, respectively.
The clamping friction force is 7.66 N under 3 μm contamination particles. Similarly, the friction force under 5 μm particles is 2.05 N, while 1 μm, 2 μm, 6 μm, 7 μm, 8 μm, 9 μm,
and 10 μm are not within the range of eﬀective particle diameter, so the friction force calculated are 0 N. Thus, the relation
between clamping force of the valve core and the particles
diameter is shown in Figure 21.
(2) The Relation between the Friction Force and Particle
Concentration. Set the particle diameter as 3 μm and take
the particle concentration (particle number) as 2307/100 mL,
9225/100 mL, 36905/100 mL, 147596/100 mL, 590824/100 mL,
and 2362494/100 mL, respectively. After calculation, the curve
between the clamping force of valve core and the particle concentration is obtained as Figure 22. It is not diﬃcult to ﬁnd
the clamping force under 3 μm particles increases with the
increase of the particle concentration, and the relationship
between them is almost linear.
(3) The Relation between the Friction Force and Oil Pollution
Level. In order to research the eﬀect of oil pollution on the
clamping force as real as possible, the particle diameter range

5.3. The Service Life Prediction of Deﬂector Jet Pressure Servo
Valve. Under the condition of oil pollution, the service life of
the deﬂector jet pressure servo valve is closely related to the
erosion of the pilot stage and the clamping of the valve core.
The erosion rate of pilot stage and the clamping force of valve
core increase with the increase of oil pollution level. Through
the analysis and calculation, the erosion rate and the clamping force of the valve core can be obtained under diﬀerent
pollution levels, and then, the service life of the pressure valve
can be obtained by combining the failure critical value of the
key deterioration parameter.
5.3.1. The Determination of Failure Critical Value. According
to the regulation time, overshoot and steady state error of
pressure valve’s dynamic response, the failure critical value
of its life, is determined. There are many kinds of actual systems and there is no uniﬁed system index requirement. In
this paper, αs is set as the multiple of required initial regulation time t s , that is, with the decline of system performance,
when the regulation time exceeds αs t s , the system is considered failure. βσ is the required overshoot index, γE is the ratio
of the required steady state error EΔ to the desired output of
the system, and the failure critical value of the system is
determined according to Equation (49). Select αs = 2, βσ =
25%, and γE = 20% to determine the critical value of the
parameters when the valve system fails.


8
>
< max pαs , pβσ , pγE , pa decrease during the failure,
pa =


>
: min p , p , p , p increase during the failure,
α s β σ γE
a
ð49Þ
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Figure 24: Mission proﬁle of the aircraft brake system.
Table 3: The service life under erosion and sticking.
Oil pollution level

6

Sticking force(N)
Critical pressure gain of pilot stage (pa/m)
Erosion length (mm)
Life under single oil level (ﬂight takeoﬀ landing)
Service life (ﬂight takeoﬀ landing)

where pa is the critical value of valve failure parameter. pαs is
the critical value determined by regulating time of valve failure parameter. pβσ is the critical value determined by overshoot of valve failure parameter. pγE is the critical value
determined by steady state error of valve failure parameter.
5.3.2. The Service Life Prediction Model. Shown in Figure 24 is
the mission proﬁle of an aircraft’s braking system. In one
ﬂight cycle, the servo valve receives the electric control signal
from the ﬂight control system except the ﬂight phase, in
which the servo valve do not work. Therefore, in one ﬂight
cycle, the time of pilot stage’s erosion wear is 20 min; then,
the service life of pilot stage’s erosion is carried out according
to Equations (50)–(59).
12

Li /T 0
,
i=1 Ei /ρ

Ne = 〠

12

Lmax = 〠 ni Li ,

ð50Þ

ð51Þ

i=1
12

Li /T 0
< N i , then Li + 1 = 0,
ME
i /ρ
i=1

If 〠

ð52Þ

where N e is the erosion service life in ﬂight takeoﬀ
landing. Li is the erosion distance generated under the
oil level of i. Ei is the erosion rate under the oil level of
i. T 0 is the erosion time of single ﬂight takeoﬀ landing.
ρ is the density of receivers; ni is the maintenance times
of oil level from i to i + 1. It can be determined according
to the actual maintenance; M is the number of ﬂight takeoﬀ landing experienced in single maintenance.

7

8

7.29

14.57

29.17

4:45 × 1010

4:71 × 1010

5:25 × 1010

0.0624
24191

0.0515
9982
8812

0.0395
3814

In one ﬂight cycle, the corresponding maximum friction
force will be generated in each static phase of valve core such
as the takeoﬀ phase, and the friction force will be accumulated from small to large after the switch action of valve core.
Therefore, the service life under the inﬂuence of friction force
can be calculated according to the longest time phase, which
is shown in Equations (53) and (54).
12

N f = 〠 ni Mδi

ð53Þ

i=1

(
δi =

1, ð F i ≤ F max Þ
0, ð F i > F max Þ

ð54Þ

where N f is the service life of clamping failure in ﬂight takeoﬀ
landing. δi and F i are the life factor and friction force corresponding to the oil level of i. F max is the critical friction force
of clamping failure.
5.3.3. The Service Life Prediction of Deﬂector Jet Pressure
Servo Valve under the Action of Two Failure Modes. In practice, the service life prediction is relatively complex when the
erosion of pilot stage and the stuck of slide valve stage are
induced by oil pollution together. It is necessary to comprehensively consider the two failure modes and the changes
of key deterioration parameters under diﬀerent oil pollution
levels. Firstly, the clamping friction force under diﬀerent oil
levels are calculated, which is input into the system simulation software and the critical value of pressure gain and erosion distance under diﬀerent oil levels based on the critical
value judgment rule are calculated, then basing on Equation
(50)–(54), the life under diﬀerent oil pollution levels are
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determined and ﬁnally the service life of whole valve is determined as shown in Table 3.

6. Conclusion
Aiming at the deﬂector jet pressure servo valve, a method for
performance degradation analysis and service life prediction
under the inﬂuence of oil pollution is presented.
(1) The sensitivity equation of the output pressure about
the key deterioration parameters of the pilot stage’s
erosion and the slide valve stage’s clamping is established and the sensitivity analysis is carried out. It is
found that the pilot stage’s pressure gain and the slide
valve stage’s friction force will have a signiﬁcant
impact on the output pressure during the whole
response process
(2) Based on the theory of ﬂuid mechanics and erosion,
considering the inﬂuence of oil pollution level, the
numerical simulation of pilot stage’s erosion is carried out. The erosion rate increases exponentially
with the increase of oil pollution level; when the oﬀset
of deﬂector plate is 0.07 mm, the erosion rate is the
largest
(3) Based on the theory of elasticity and ﬁlter cake, considering the inﬂuence of oil pollution, the friction
force’s theoretical calculation of slide valve pair’s special matching clearance is carried out. The friction
force increases exponentially with the increase of oil
pollution level, and the friction force caused by the
contamination particles with the average clearance
diameter of 3 μm is the largest
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