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velocity distribution
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Abstract
Existing mathematical models for deflector jet hydraulic amplifiers cannot accurately describe the influence of the deflector
motion on the receiver jet, which results in calculation differences for the receiver pressure. To deeply investigate this
problem, the momentum transfer model considering secondary jet velocity distribution was used to develop an improved
model that is more aligned with the actual state of the flow field. In this model, the receiver jet velocity is calculated, for the
first time, with a maximum error of 18% when compared with existing models. To verify the improved model, the recovery
pressures in the receivers were verified by numerical simulations and experiments. The verification results show that the
model can accurately predict the recovery pressures in the receivers within an 8.1% maximum error. This model fills the
gaps in the theoretical research and lays a foundation for the structural design of deflector jet pressure servo valves.
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Introduction

Aircraft anti-skid braking systems are important aircraft
airborne devices that are vital participants in taking off and
safe landing. A pressure servo valve is a core control
element of an aircraft’s anti-skid braking system, and the
biggest advantage a deflector jet pressure servo valve has
over a jet pipe pressure servo valve is a faster dynamic
response. The moment of inertia of a deflector is smaller
than that of a jet pipe. Hence, deflector jet pressure servo
valves are highly reliable, have long service lives and
a good dynamic performance, and they have extremely
broad application prospects for mainstream military
aircraft.1–4

To predict and control the performance of a servo
valve, it is important to analyze the energy transfer process
and flow field structure in the valve. However, the flow
field in a deflector jet hydraulic amplifier, which is the
pilot control stage in a deflector jet pressure servo valve, is
very complex. Neither experimentation nor flow field
numerical simulation can conveniently analyze and op-
timize the performance of a deflector jet hydraulic

amplifier. Therefore, a precise mathematical model is
needed for the pilot stage in a deflector jet pressure servo
valve.

Because of the similarities between the two, it is
generally accepted that research regarding deflector jet
hydraulic amplifiers is derived from research into jet pipe
hydraulic amplifiers. Somashekhar5,6 developed a jet pipe
valve model based on throttling theory. Yin7,8 developed
a jet pipe valve mathematical model based on the Ber-
noulli equation. Hazem K. Abdallah9 et al. used the LES
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method to analyze the influence of the geometric pa-
rameters of the jet outlet, amplifier and receiver on the
flow field distribution characteristics of the front stage.
Saha10 carried out experimental and numerical studies on
the flow field and cavitation phenomenon of the deflector
jet servo valve in the pilot stage under different gas supply
pressures. Li11 et al. established a pressure-flow charac-
teristic model of pre-jet amplifier based on turbulent jet
theory, momentum conservation law and orifice throttling
model, and obtained the pre-stage pressure gain coefficient
through linearization of the theoretical model. The ac-
curacy of the pressure gain coefficient is verified by
simulation and experiment. Xing12 et al. deduced the
pressure characteristic model of the pre-jet amplifier based
on Bernoulli equation and momentum theorem, and an-
alyzed the application scope of the theoret-ical model.
Furthermore, Zhu and Li13,14 developed two static char-
acteristic models, one based on the orifice flow formula
and the other based on momentum theory, then compared
the differences between the models. Moreover, the in-
fluence of structural parameters was also analyzed by
assuming that the collision between the liquid and the jet
can be approximated as the jet impact on a moving
piston.15,16

By comparison, the hydraulic amplifier of a deflector
jet valve is more complex than a jet pipe hydraulic am-
plifier because of its two jet stages, as opposed to the one
in a jet pipe valve. Scholars have conducted many studies
regarding the first jet stage.17–19 As a result, current
mathematical models can accurately describe the velocity
distribution inside the deflector groove. However, studies
regarding the second jet stage are still limited and pri-
marily refer to the theoretical model for jet pipe hydraulic
amplifiers. Kang18 developed a fluidic resistor network
model based on the outflow equation for the orifice.
Furthermore, Yan18,19 analyzed the pressure distribution
using numerical simulation, then proposed an empirical
formula. Saha20 et al. considered two different flow states
of laminar flow and turbulent flow respectively, and the
mathematical model of pressure characteristics of de-
flecting jet amplifier was established based on the theory
of wall-attached jet and momentum theorem. Mao21 et al.
proposed a theoretical model of the receiver based on the
jet reflection hypothesis based on the momentum analysis
of the jet acting on the receiver, and the expressions of the
pressure and pressure gain of the left and right receivers
are given. The experimental results show that the theo-
retical model can simulate the pressure characteristics of
the pre-stage under the small deflection plate displace-
ment. Aiming at the problem of zero offset caused by the
asymmetric structure of the pre-amplifier of the deflection
plate servo valve, Zhang22 et al. analyzed the influence of
the inconsistency of the fillet, inner angle and throat width
of the two receiving chambers and the offset of the wedge
relative to the jet port on the pressure characteristics and
zero offset displacement of the amplifier. In these jet
models, the momentum transfer model was widely used
for modeling for the pilot stages of jet servo valves be-
cause it can reflect the physical mechanism involved in the

jet process. However, the existing momentum transfer
models cannot describe the influence of the deflector
motion on the jet velocities that impinge on the receiving
chambers, which would result in a difference in the re-
ceiver pressure calculations.23,24

To improve the accuracy of the pilot stage model for
deflector jet pressure servo valves, an improved model that
is based on the momentum transfer model considering
secondary jet velocity distribution and is more aligned
with the actual flow field state was established. In this
model, the receiver jet velocity is calculated, for the first
time, to describe the effect of the deflector motion on the
receiver jet flow field. To attain a better description of the
internal flow characteristics of the deflector jet valve, a 3D
numerical model with a high quality mesh was built.
Finally, an experiment regarding the receiver pressure was
performed to verify the theoretical and simulated analyses.

Structure and principle

The structure of a deflector jet pressure servo valve is
shown in Figure 1.

The working principle of a deflector jet pressure servo
valve, as shown in Figure 1, is described next.

At null (no signal to the actuator), the deflector is in the
middle of the jet pan and the jet stream impinges equally
on the two receivers; therefore equal pressure is applied at
each spool end. Because of the non-symmetrical structure
of the spool, the second-stage spool remains at the left
position. Therefore, the output pressure is equal to the
return pressure.

When an electrical input signal is applied to the coils of
the torque motor, an electromagnetic force is created. This
force causes the deflector to move toward one of the two
receivers, resulting in more fluid impinging on one re-
ceiving chamber than on the other, which causes the
pressure at this receiver to be greater than at the other. The
resulting differential pressure between the end chambers
of the spool triggers spool motion.

The spool motion contributes to increases in the output
pressure. The feedback chamber is connected to the output
chamber by a pipeline inside the valve. Hence, the
feedback pressure drives the spool to move in the opposite
direction. Finally, there is a dynamic force balance be-
tween the left receiver pressure, the right receiver pressure,
and the feedback pressure. As a result, the deflector jet
pressure servo valve outputs a braking pressure pro-
portional to the electrical input signal.

Modeling of a deflector jet hydraulic amplifier

To obtain a clearer understanding of the jet flow process,
the deflector jet flow field was divided into a first jet stage
and a second jet stage, as shown in Figure 2. In the first jet
stage region, the hydraulic oil flowing from the inlet
completes the first jet at the rectangular port of the jet pan,
then collides with the sidewall of the deflector. In the
second jet stage region, after the jet collides with the
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deflector, part of the oil flows downward to form a second
jet. Then the second jet impinges on both the left and right
receivers under the action of the shunt wedge.

According to the introduction, current mathematical
models for the first jet stage can accurately describe the
velocity distribution. Therefore, only the second jet stage
was modeled during this study. This paper primarily
proposes an improved model to obtain a better description
of the effect of the deflector motion on the jet velocities
that impinge on the receivers.

Flow area model for the left and right receivers

As shown in Figure 3, the second jet impinges on the left
and right receivers under the action of the shunt wedge.
According to the momentum transfer model, the collision
between the liquid and the jet can be considered as impact
on a moving piston.15 Therefore, the flow area model for
the left and right receivers must be discussed in this way,
and it directly affects the momentum of the moving piston.
Moreover, the influence of the second jet expansion on the
flow area must be considered as well.

As shown in Figure 4, the flow areas of the second jet
covering the right and left receivers are denoted as Ae1 and
Ae2, respectively. Similarly, the flow areas not covering the
right and left receivers are represented by Ae3 and Ae4,
respectively.

It was assumed that xf, is the displacement of the
deflector and that the relative distance between the de-
flector and the receivers is given by λj = h/(2b00). If the jet
type coefficient,15 which represents the momentum loss
during the jet process, is ψ (0 < ψ < 1), and if the expansion
of the second jet is considered, the flow areas of the left
and right receivers can be described by Equation (1):

Ae1 ¼
�
1

2
ð2b00 � lmÞ þ xf þ h tan α2

�
Tr

�
1� ψλj

�2

Ae2 ¼
�
1

2
ð2b00 � lmÞ � xf þ h tan α2

�
Tr

�
1� ψλj

�2
Ae3 ¼ Trlr � Ae1

Ae4 ¼ Trlr � Ae2

8>>>>>>>>><
>>>>>>>>>:

(1)

In Equation (1) b00 represents the half-width of the second
jet, lm is the width of the shunt wedge, h2 is the distance
between the deflector and the receivers, α2 denotes the
expansion angle of the outer boundary of the second jet, Tr
is the thickness of the jet pan, and lr is the width of the
receiver.

Jet velocity model for the left and right receivers

The existing momentum transfer models believe that the
difference between the flow areas lead to inconsistent fluid
flow into the two receiving chambers, resulting in different
receiver recovery pressures.15,25 However, numerical
simulation of the flow field demonstrates that the velocity
of the jet impinging on the left and right receivers also
influences the recovery pressure, a fact which has never
been considered before. Consequently, it is necessary to
derive a jet velocity model for the left and right receivers.

Figure 2. Flow field division of a deflector jet amplifier.

Figure 3. The second jet impinges on the left and right
receivers.

Figure 1. The structure of a deflector jet pressure servo
valve.
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It is normal to assume that the jet velocity for the left
and right receivers is equal to the average velocity of the
second jet. Because the average velocity of the second jet
does not change with the motion of the deflector,25,26 the
jet velocity for the left and right receivers has been thought
to be a fixed value. However, based on numerical simu-
lation results, the actual velocity distribution of the second
jet is not uniform due to the friction between the fluid and
the wall. When the deflector moves, the jet velocities for
the left and right receivers are inconsistent.

Figure 5 shows the velocity distribution curves for the
second jet when the deflector is in the middle position
(5(a)) and when it deviates to the right (5(b)). As illus-
trated in Figure 5, the x-axis represents the transverse

position of the second jet, the v-axis indicates the oil
velocity, and the transverse position of zero indicates the
symmetrical centerline of the left and right receivers.

For planar fluids, the line flow can be calculated using
Equation (2):

f ¼ u× b (2)

where f represents the line flow of the planar fluid, u is the
average velocity of the planar fluid, and b is the width of
the planar fluid.

Additionally, it is obvious that the line flows on the left
and right sides should be equal while the deflector is in the
middle position. On this basis, the jet velocities for the left
and right receivers would be equal as well. However, the
line flow on the right side increases and the flow on the left
decreases as the deflector moves to the right, causing the
jet velocities for the left and right receivers to no longer be
equal. As shown in Figure 6, it was assumed that the line
flows for the left and right sides when the deflector is in the
middle position are both equal to f1+ f2, the average ve-
locity of the right receiver jet is v1, and the average ve-
locity of the left receiver jet is v2.

(1) The deflector displacement is less than 0.5b00

As shown in Figure 6, assuming that the increase in the
line flow on the right is equal to f3, the average velocities
of the jet for the left and right receivers can be calculated
using Equation (3):

8>><
>>:

v1 ¼ f1 þ f2 þ f3
b00 þ xf

v2 ¼ f1 þ f2 � f3
b00 � xf

(3)

The maximum and average velocities of the second jet
are denoted by u00m and u01, respectively. Based on the
results of a flow field numerical simulation, there is
a linear relationship between u00m and u01, as expressed by
Equation (4):

u00m ¼ 1:15u01 (4)
Figure 5. The actual velocity distribution curves for the
second jet, (a) Deflector in the middle position, (b) Deflector
moves to the right.

Figure 6. Velocity distributions for the second jet with (a) xf = 0 and (b) xf < 0.5b00.

Figure 4. Flow areas of the left and right receivers.
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According to the definition of line flow, the line flows
for the left and right sides (f1, f2, f3) can be expressed by
Equations (5) to (7):

f2 ¼ 0:5u00mb00 ¼ 0:575u01b00 (5)

f1 ¼ u01b00 � f2 ¼ 0:425u01b00 (6)

f3 ¼ u00mxf ¼ 1:15u01xf (7)

(2) The deflector displacement is greater than 0.5b00

As illustrated in Figure 7, by assuming that the increase
in the line flow on the right is equal to f2+ f4, the average
velocities of the jet for the left and right receivers can be
calculated using Equation (8):

8>><
>>:

v1 ¼ 2f2 þ f1 þ f4
b00 þ xf

v2 ¼ f1 � f4
b00 � xf

(8)

Based on the geometric relationship in Figure 7, the
increase in the line flow (f4) can be approximately cal-
culated using Equation (9):

f4 ¼ 1:15u01

�
� 1

b00
x2f þ 2xf � 3

4
b00

�
(9)

Recovery pressure model for the left and
right receivers

As shown in Figure 8, the second jet impinges on the
liquid in the receivers at speeds of v1 and v2. According to
the previously-stated hypothesis, the liquid in the receivers
can be approximated as moving solid pistons with speeds
related to the flow into the receivers.15 Hence, it was
assumed that the velocities of the moving pistons in the
right and left receivers are vn1 and vn2, respectively. At the
same time, the reverse fluid formed by the impact of the
second jet flows to the oil return port through the gaps at
rates of v01 and v02.

Assuming that the fluid masses impinging on the
moving pistons in the right and left receivers throughout
time dt are dm1 and dm2, respectively, they can be ex-
pressed by Equations (10) and (11):

dm1 ¼ ρAe1ðv1 � vn1Þdt (10)

dm2 ¼ ρAe2ðv2 þ vn2Þdt (11)

The reverse fluid masses, dm01 and dm02, reflected
from the moving pistons throughout time dt can be ex-
pressed by Equations (12) and (13):

dm01 ¼ ρAe3ðv01 þ vn1Þdt (12)

dm02 ¼ ρAe4ðv02 � vn2Þdt (13)

Therefore, according to the momentum theorem, the
forces acting on the liquid in the left and right receivers
can be calculated using Equations (14) and (15):

Figure 7. Velocity distributions for the second jet with (a) xf = 0 and (b) xf > 0.5b00.

Figure 8. Recovery pressures for the left and right receivers.
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R1 ¼ 1

dt
½dm1v1 � ðdm1 � dm01Þvn1 þ dm01v01� (14)

R2 ¼ 1

dt
½dm2v2 þ ðdm2 � dm02Þvn2 þ dm02v02� (15)

By substituting Equations (10) to (13) into Equations
(14) and (15) the impact forces, R1 and R2, of the jet acting
on the receivers can be computed using Equations (16) and
(17):

R1 ¼ ρAe1ðv1 � vn1Þ2 þρAe3ðv01 þ vn1Þ2 (16)

R2 ¼ ρAe2ðv2 þ vn2Þ2 þ ρAe4ðv02 � vn2Þ2 (17)

If the flow through the receivers is given by qL, then the
velocities of the pistons and the reverse velocities of the
fluid are given by Equations (18) to (20):

vn1 ¼ vn2 ¼ qL
Ar

(18)

v02 ¼ v2Ae2 þ vn2Ar

Ae4
¼ v2Ae2 þ qL

Ae4
(19)

v01 ¼ v1Ae1 � vn1Ar

Ae3
¼ v1Ae1 � qL

Ae3
(20)

Thus, the pressures, p10 and p20, generated by the
impact forces on the surfaces of the receivers can be
calculated using Equations (21) and (22):

Table 1. Parameters and values of the deflector jet hydraulic amplifier.

Parameter Symbol Unit Value

Inlet pressure ps MPa 28, 21

Outlet pressure p0 MPa 0
Second jet average velocity (28 MPa) u01 m/s 211.23

Second jet average velocity (21 MPa) u01 m/s 182.93
Half-width of the second jet b00 mm 0.07
Shunt wedge width lm mm 0.1

Receiver width lr mm 0.4
Second jet height h mm 0.175

Jet pan thickness Tr mm 0.2
Receiver inclination θ2 ° 16.21

Expansion angle of the second jet25,26 α2 ° 7
Jet type coefficient ψ / 0.04

Hydraulic oil density ρ kg/m3 839

Figure 9. Mesh and mesh quality The specific information of
cavitation model is as follows: vaporization pressure of oil is set
to 4000 Pa; bubble radius is 0.001 mm; nucleation site volume
fraction is 0.0005; evaporation coefficient is 50; condensation
coefficient is 0.01.

Table 2. Verification of iteration steps.

Iteration steps Pressure of left receiver Error(%)

10,400 4.006

10,000 4.048 1.05
9600 4.112 1.58

Figure 10. The differences in the receiver jet velocities
between existing models and the improved model (21 MPa oil
supply pressure).
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p10 ¼ R1

Ar
¼ ρ

�
Ae1

Ar
ðv1 � vn1Þ2 þ Ae3

Ar
ðv01 þ vn1Þ2

�
(21)

p20 ¼ R2

Ar
¼ ρ

�
Ae2

Ar
ðv2 þ vn2Þ2 þ Ae4

Ar
ðv02 � vn2Þ2

�
(22)

When oil enters a receiver, it acts on the end face of the
slide valve to push the valve to move. Consequently, based
on the Bernoulli equation, the recovery pressures, p1 and
p2, at the ends of the receivers can be described by
Equations (23) and (24):

p1 ¼ p10 þ 1

2
ρq2L

�
1

A2
r

� 1

A2
s1

�
(23)

p2 ¼ p20 þ 1

2
ρq2L

�
1

A2
r

� 1

A2
s2

�
(24)

In Equations (23) and (24) ρ is the density of the oil, As1

represents the area of the right end face of the valve, and
As2 represents the area of the left end face.

Pressure–flow characteristics

Due to the absorption effect in a turbulent submerged
jet, the flow rate of a jet stream increases with in-
creasing distance between the deflector and the re-
ceiving surface. If the displacement rate of the deflector
is denoted by γf and defined as γf = |xf|/b00, then the flow
increase rate, kaj, caused by absorption is given by
Equation (25):

kaj ¼ 0:45-0:33λjγf � λj
�
0:35γf

�2
(25)

Equation (26) can be deduced from Equations (18) to
(25):

pL ¼ p1 � p2

¼ ρ
Ar

0
BBBBBBBBB@

Ae1

�
v1 � qL

kajAr

�2

� Ae2

�
v2 þ qL

kajAr

�2

þAe3

�
Ae1

Ae3
v1 þ qL

kaj

�
1

Ar
� 1

Ae3

��2

�Ae4

�
Ae2

Ae4
v2 þ qL

kaj

�
1

Ae4
� 1

Ar

��2

1
CCCCCCCCCA

þ1

2
ρ

�
qL
kaj

�2� 1

A2
s2

� 1

A2
s1

�

(26)

where pL represents the pressure difference between the
left and right receivers, qL is the flow through the re-
ceivers, and Ae1, Ae2, Ae3, Ae4, v1, and v2 are all related
to the deflector displacement, xf. As a result, the
pressure–flow characteristic equations for a deflector
jet hydraulic amplifier are given by Equations (1), (3),
(8) and (26).

Pressure characteristic

The pressure characteristic refers to the relationship be-
tween the load pressure and the deflector displacement
under constant flow conditions. Generally, a constant load

Figure 11. The differences in the receiver pressures
between existing models and the improved model (21 MPa oil
supply pressure).

Figure 12. The differences in the pressure characteristics
between existing models and the improved model (21 MPa oil
supply pressure).

Table 3. Errors in the pressure gain between existing models
and the improved model.

Parameter Improved model Existing models
Error
(%)

Pressure gain
(MPa/0.01 mm)

1.78 1.55 12.92
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is considered to be a blocking load, so it can be calculated
by substituting qL = 0 into Equation (26):

pL ¼ ρ
Ar

�
Ae1v

2
1 þ

v21A
2
e1

Ae3
� Ae2v

2
2 �

v22A
2
e2

Ae4

�
(27)

In Equation (27) pL represents the pressure difference
between the left and right receivers, and Ae1, Ae2, Ae3, Ae4,
v1, and v2 are all related to the deflector displacement, xf.
Therefore, the pressure characteristic equations for the
deflector jet hydraulic amplifier can be obtained from
Equations ,(1), (3), (8) and (27).

The pressure gain of the deflector jet amplifier at zero
position can be expressed as (28):

Kp0 ¼ ∂pL
∂xf

����
xf¼0, qL¼0

¼ 2ρu2m1lr

ðlr � b00 � h tan α2 þ lm=2Þ2Tr

(28)

Flow characteristic

The flow characteristic refers to the relationship between
the load flow and the deflector displacement when there is
a constant load pressure. Substituting the load pressure
pL = 0 into the Equation (26) the flow would satisfy
equation (29):

Equation (29) is obtained by solving the equation for
the load flow, qL.

In equation (30), qL represents the no-load flow through
the receivers, andAe1,Ae2,Ae3,Ae4, v1, and v2 are all related to
the deflector displacement, xf. Therefore, the flow charac-
teristic equations are given by Equations (1), (3), (8) and (30).

Simulation

Parameter values and simulation settings

The CFD software used in this manuscript is Fluent.
Table 1 shows the related parameters and values of the
deflector jet hydraulic amplifier. In addition, the average
velocity of the second jet (u01) under different oil supply
pressures was obtained by numerical simulation of the
flow field.

The quality of mesh is checked with Determinant 2 ×
2 × 2 as shown in Figure 9. The closer the Jacobian
value is to 1, the better the grid quality is. It can be seen
that the quality of the mesh checked by the Jacobian
determinant is above 0.7, which proves that the mesh of
the deflector jet amplifier has a good quality, laying
a foundation for the subsequent finite element simu-
lation. The wall y + value is 1.8 at the wall of V-shaped
slot.

The Iteration steps is set to 10,400, As we can see in
Table 2, 10,400 steps are enough for a converged
result.

Simulation of differences between the improved
model and existing models

To obtain an accurate analysis of the influence of the
deflector motion on the receiver jet velocities, the

calculation results obtained from existing models and the
improved model proposed in this paper are compared. As

a result, simulation curves for the receiver jet velocities
and the deflector displacement were calculated by
substituting the structural parameters into Equations (3) to
(9) The calculation results are shown in Figure 10.

2
6664

�
1

ArAe3
� 1

ArAe4

�
þ 1

2

�
1

A2
s2

� 1

A2
s1

�

þAe1 � Ae2 þ Ae3 � Ae4

A3
r

3
7775
�
qL
kaj

�2

� 2

Ar

�
Ae1

Ae3
v1 þ Ae2

Ae4
v2

�
qL
kaj

þ

2
664
Ae1

Ar
v21

�
1þ Ae1

Ae3

�

�Ae2

Ar
v22

�
1þ Ae2

Ae4

�
3
775 ¼ 0 (29)

qL ¼

2kajAe1Ae4v1 þ 2kajAe2Ae3v2 � 2kajAe3Ae4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAe1Ae4v1 þ Ae2Ae3v2Þ2

A2
e3A

2
e4

� Ar

0
BBBB@

Ae1 � Ae2 þ Ae3 � Ae4

A3
r

þ 1

ArAe3

� 1

ArAe4
þ 1

2

�
1

A2
s2

� 1

A2
s1

�

1
CCCCA

vuuuuuuut
�
Ae1v

2
1 þ

A2
e1v

2
1

Ae3
� Ae2ðAe2 þ Ae4Þv22

Ae4

�

2Ae3Ae4Ar



Ae1�Ae2þAe3�Ae4

A3r
þ 1

ArAe3
� 1

ArAe4
þ 1

2



1
A2s2

� 1
A2s1

�� (30)
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Figure 11 shows that existing models ignore the in-
fluence of the deflector motion on the receiver jet velocity,
regarding it as a constant value. However, the simulation
results show that when the deflector moves to the right, the
jet velocity impinging on the right receiver increases and
that on the left receiver decreases. The maximum error in
the receiver jet velocity calculations between the improved
model and existing models is 18.5%.

Furthermore, the difference between the receiver
pressures obtained from the improved model and existing
models was analyzed by substituting the structural pa-
rameters into the recovery pressure characteristic equa-
tions, Equations (23) and (24) These calculation results are
shown in Figure 10.

Then, the structural parameters were substituted into
the pressure characteristic equation, Equation (27) and the
pressure characteristics of the improved model and ex-
isting models were obtained through calculations. The
calculation results are shown in Figure 12.

Finally, to clearly compare the differences between
the pressure characteristic calculation results for the
improved model and existing models, the linear ratio of
the pressure difference to the deflector displacement
was defined as the pressure gain. The pressure gain
results for the deflector jet hydraulic amplifier are
shown in Table 3.

In summary, existing models ignore the influence of the
deflector motion on the receiver jet velocities, which

Figure 13. Pressure contour when the right deflector
displacement was 0.02 mm (pressure characteristic).

Figure 14. Velocity contour when the right deflector
displacement was 0.02 mm (flow characteristic).

Table 4. Receiver pressures and no-load flow (21 MPa).

Displacement, xf/mm

Pressure characteristics Flow characteristics

Left receiver pressure, p1/MPa Right receiver pressure, p2/MPa No-load flow, qL/(L/min)

0 3.02 2.97 0.000
0.005 3.37 2.28 0.031

0.01 3.85 1.74 0.051
0.015 4.20 1.29 0.072

0.02 4.83 0.86 0.089
0.025 5.21 0.37 0.106

0.03 5.67 0.22 0.119
0.035 6.38 0.11 0.121

0.04 7.07 0.04 0.123

Figure 15. Pressure characteristic for the left and right
receivers (21 MPa oil supply pressure).
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results in a 12.92% error when calculating the pressure
gain of the deflector jet hydraulic amplifier.

Simulation of the flow field

To obtain a better description of the internal flow charac-
teristics of the deflector jet hydraulic amplifier, a 3D flow
field numerical model with a high quality mesh was built.

Simulation settings. The fluid in the deflector jet hydraulic
amplifier flows with a complex turbulent motion involving
a violent exchange of momentum and mass. For the flow
field settings in the numerical simulations, a pressure-
based solver and the RNG k–ε model were selected to
obtain accurate pressure calculation results.

In addition, due to the inevitable cavitation phenomena
that occur in the flow fields of high-velocity jets, mixing of
the liquid and gas phases must be considered. Therefore,
a mixture model was selected to obtain a more realistic
description of the flow field. Here, the saturated vapor
pressure of the oil was set to 4000 Pa and the oil viscosity
at 40°C was 0.011,612 Pa�s.

Flow field contour. The experimental results demonstrate
that the deflector displacement near the zero position was
generally less than 0.04 mm. Hence, the left and right
deflector displacements were selected as 0, 0.005 mm,
0.01 mm, 0.015 mm, 0.02 mm, 0.025 mm, 0.03 mm,
0.035 mm, and 0.04 mm.

As the deflector moved 0.02 mm to the right, the
pressure contour for a typical section was extracted to
observe the pressure distribution of the pressure charac-
teristic flow field, as shown in Figure 13.

Observing the pressure contour shows that the fluid
motion is a continuous process in which the pressure
presents a variation trend of attenuation and then resto-
ration. This transformation trend is consistent with the
research concept in this paper of dividing different stages
from top to bottom.

The velocity contour in the flow characteristic flow
field for a 21 MPa oil supply pressure was extracted to

Figure 16. Pressure characteristic for the left and right
receivers (28 MPa oil supply pressure).

Figure 17. Pressure characteristic for the deflector jet
hydraulic amplifier.

Table 5. Median pressure and pressure gain errors between the mathematical model and numerical simulation results.

Parameter Supply pressure(MPa) Mathematical model Numerical simulation Error(%)

Median pressure (MPa) 21 2.90 2.99 3.01
28 3.86 4.09 5.62

Pressure gain (MPa/0.01 mm) 21 1.78 1.81 1.65
28 2.32 2.45 5.31
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observe the velocity distribution, as shown in
Figure 14.

The velocity contour shows that the velocities of the
second jet impinging on the left and right receivers are
different when there is deflector motion. When the de-
flector moves to the right, the jet velocity for the right
receiver increases and the jet velocity for the left receiver
decreases. These flow field contour results verify the ra-
tionality of the improved model proposed in this paper and
reveal the influence of the deflector motion on the receiver
jet velocity.

Comparison of the simulation results

To verify the accuracy of the improved model proposed in
this paper, the flow field numerical simulation results are
compared with the mathematical model results. Therefore,
the recovery pressures in the receivers and the no-load
flow were extracted from the results of the flow field
numerical simulation, as shown in Table 4.

Pressure characteristic. First, the relationship between the
receiver pressures and the deflector displacement was
calculated by substituting the structural parameters into

the recovery pressure characteristic equations, Equations
(23) and (24) The numerical simulation and mathematical
calculation results are shown in Figures 15 and 16.

Then, the structural parameters were substituted into
the pressure characteristic equation, Equation (27) and the
pressure characteristic curve for the deflector jet hydraulic
amplifier was obtained through calculations, as shown in
Figure 17.

To calculate the error between the mathematical model
and the numerical simulations, the receiver pressures at
zero deflector displacement was defined as the median
pressure, and the linear ratio of the receiver pressure
difference to the deflector displacement was defined as the
pressure gain. In that way, the error between the mathe-
matical model and numerical simulation results were
calculated, as shown in Table 5.

Flow characteristic. The no-load flow characteristic curve
for the deflector jet amplifier was obtained by substituting
the structural parameters into the flow characteristic
equation, equation (29), as shown in Figure 18.

Similarly, to calculate the error between the mathe-
matical model and the numerical simulations, the slope of
the flow characteristic curve near the median of the de-
flector was defined as the flow gain. Table 6 shows the
flow gain errors between the mathematical model and
numerical simulation results for different oil supply
pressures.

Pressure–flow characteristic. After computing the flow
characteristic for the deflector jet hydraulic amplifier, the
deflector displacement was selected as a fixed value and
a series of qL values were obtained. The load pressure, pL,
was calculated using the pressure–flow characteristic
equation (26) and a cluster of pressure–flow characteristic
curves were obtained, as shown in Figure 19.

The curves for the deflector jet hydraulic amplifier
show that the pressure–flow characteristic has good lin-
earity and symmetry near its zero position.

In summary, the pressure and flow characteristic for the
deflector jet hydraulic amplifier were both predicted using
the newly developed mathematical model and verified by
numerical simulations. The verification results show that
the maximum error between the mathematical model and
numerical simulation results was 5.62%, which demon-
strates that the theoretical model exhibits high calculation
precision. Furthermore, the pressure and flow

Figure 18. Flow characteristic for the deflector jet hydraulic
amplifier.

Table 6. Flow gain errors between the mathematical model and numerical simulation results.

Parameter Supply pressure(MPa) Mathematical model Numerical simulation Error(%)

Flow gain (L�min�1/0.01 mm) 21 0.054 0.053 1.89
28 0.062 0.061 1.64
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Figure 19. Pressure–flow characteristic for the deflector jet
hydraulic amplifier.

Figure 21. Tested deflector jet hydraulic amplifier assembly.

Figure 20. Experimental system.

Figure 22. Schematic diagram of the experimental system.

Figure 23. Pressure characteristics for the left and right
receivers (21 MPa oil supply pressure).

Figure 24. Pressure characteristics for the left and right
receivers (28 MPa oil supply pressure).

Figure 25. Pressure characteristic for the deflector jet
hydraulic amplifier.
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characteristic curves for the deflector jet hydraulic am-
plifier are similar to those for jet pipe hydraulic amplifiers,
which is of great significance for further understanding the
operation principles of the hydraulic amplifier.

Experiment

To verify the accuracy of the mathematical model and the
numerical simulations, an experimental research scheme
was designed during this study to measure the pressure
characteristic of the pilot stage.

Composition and principle

The experimental system included a hydraulic pump,
a hydraulic servo valve static test bench, a scope (GDS-
1104B, frequency response ≥20 kHz), a pressure sensor
(frequency response of 500 Hz, measuring precision of
0.01 MPa), a laser displacement sensor (CD530(A), mea-
suring range of ±5 mm, measuring precision of 0.2 μm), and
the tested components (including a torque motor, an arma-
ture, and a deflector jet hydraulic amplifier). The experi-
mental system and the tested deflector jet hydraulic amplifier
assembly are shown in Figures 20 and 21, respectively.

As illustrated in Figure 22, the inlet of the deflector jet
hydraulic amplifier was connected to an oil supply, the
outlet was connected to an oil return, and the left and right
receivers were connected to chambers A and B, re-
spectively. The solenoid valve cut off the channel when
testing the pressure characteristic. At first, a current pulse
was sent through the coil, which drove the deflector tomove
around. At this time, the displacement of the armature was
measured by the laser displacement sensor, and it was next
transformed into the deflector displacement through the
dimensional relationship. Finally, the pressures in chambers
A and B were obtained by the pressure sensor, and the data
were transmitted to the scope for display and recording.

Experimental results

The experimental research regarding the deflector jet
hydraulic amplifier was conducted for different oil supply
pressures. After sorting the data, the pressure character-
istic curves for the left and right receivers were obtained,
as shown in Figures 23 and 24.

Moreover, the pressure characteristic curves for the
deflector jet hydraulic amplifier are shown in Figure 25.

Similarly, the median pressure and pressure gain for the
deflector jet hydraulic amplifier were selected to measure
the error between the mathematical model and the

experimental data. These values were computed and are
presented in Table 7.

It is speculated that the error may be caused by
a machining error associated with the deflector jet hy-
draulic amplifier and limitations of the current jet theory
for analyzing complex flow fields. The results demonstrate
that the mathematical model is essentially consistent with
the experimental data, which verifies the rationality of the
flow field modeling method and the accuracy of the de-
rived static characteristics equation.

Conclusions

(1) An improved model considering secondary jet ve-
locity distribution for a deflector jet hydraulic am-
plifier that can predict the pressure and flow
characteristics was developed. In this model, the jet
velocity impinging on the receiving chambers is
calculated, for the first time, to describe the effect of
deflector motion on the second jet flow field. Through
the study presented in this paper, it was found that the
maximum error in the receiver jet velocity calcu-
lations between the improved model and existing
models was 18.5%. Further studies conclusively
showed that the maximum error in calculating the
receiver recovery pressure between the improved
model and existing models was 12%.

(2) The mathematical model was verified by flow field
numerical simulations and experiments. The maxi-
mum error between the mathematical model and
numerical simulation results was 5.62%, and that
between the mathematical model and experimental
results was 8.10%. These error values demonstrate
that the theoretical model for the deflector jet hy-
draulic amplifier exhibits a high calculation precision.
This model fills the gaps in the theoretical research
and lays a foundation for the structural design of
deflector jet pressure servo valves.
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