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Abstract: A new flow field mathematical model is proposed to describe accurately the flow field structure and calculate the
static characteristics of the pilot stage in a deflector jet servo valve (DJSV). The flow field is divided into five regions, a 3D
turbulent jet is adopted to describe the free jet region, and a velocity distribution expression of the jet is proposed. The jet
entrainment model is put forward in the pressure recovery region to describe the coupling relationship between the pressure in
the receiving chamber and the jet flow. The static characteristics, including pressure-flow characteristics, pressure characteristics,
and flow characteristics of the pilot stage are obtained. The flow field structure and the static characteristics are verified by
finite element analysis (FEA) and experiment, respectively, and the mathematical model results are in good agreement with the
experimental and simulation results.
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1 Introduction

High end hydraulic components, such as the
electro-hydraulic servo valve (EHSV), are widely used
in hydraulic servo control systems in aerospace, nu‐
clear power, metallurgy, and other fields (Tamburrano
et al., 2018). Because of the important role of the servo
valve, its structure (Zhu et al., 2018; Tamburrano
et al., 2020; Zheng et al., 2021), modeling and con‐
trol method (Karunanidhi and Singaperumal, 2010;
Stefanski et al., 2017), static and dynamic perfor‐
mance and evolution (Yin et al., 2017; Liu YS et al.,
2019; Liu XQ et al., 2020), and other aspects have
been extensively studied. The pilot stage is the core
component of the two stage EHSV, which plays an
important role in converting the displacement signal
into pressure and flow signals. The pilot stage of DJSV
has attracted great attention in flow field modeling

(Sangiah et al., 2013; Li, 2016; Yan et al., 2019; Saha
et al., 2020a), flow force (Yin et al., 2019), and cavita‐
tion (Saha et al., 2020b) due to its simple structure
and excellent performance.

For the circular jet nozzle and guide groove, Li
(2016) assumed that the velocity at the outlet was uni‐
form and ignored the throttle loss of the deflector. The
flow gain and pressure gain were derived from the
momentum theorem and closed tube jet theory. For
the rectangular jet nozzle and guide groove, Sangiah
et al. (2013) assumed that the pressure at the outlet of
the guide groove was equal to the supply pressure and
established the hydraulic full bridge model of the
pilot stage. The pressure characteristic was obtained by
establishing the relationship between the hydraulic re‐
sistance and the deflector position. Yan et al. (2019)
divided the flow field of the pilot stage into four re‐
gions, the flow of the jet was regarded as 2D, and the
energy loss caused by the guide groove was consid‐
ered. The momentum theorem was applied to the re‐
gion between the deflector and the receiving chamber,
and the pressure characteristic was obtained by com‐
bining it with numerical simulation results. Saha et al.
(2020a) also modeled the flow field based on the 2D
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jets, calculated the average flow velocity at the outlet
of the guide groove by using the energy conservation
equation, regarded the fluid in the receiving chamber
and the fluid of the secondary jets as the interaction
between the jets and the piston, and obtained the pres‐
sure characteristics of the pilot stage.

In the above flow field model, the jets were sim‐
plified as uniform or 2D jets. That does not reflect the
real flow structure of the pilot stage because the ex‐
pansion of the jets in the direction of jet-pan thickness
was ignored. For the typical pilot stage of deflector jet
servo valve (DJSV), the jet nozzle and guide groove
are rectangular. The flow of the jet will expand along
the width and height of the jet nozzle at the same time,
giving 3D flow characteristics (Sforza et al., 1966).
The thinner the jet-pan, the more obvious is the influ‐
ence of the expansion of the jet in the thickness direc‐
tion. A large amount of the 3D jet does not enter the
receiving chambers and thus causes energy loss. How‐
ever, the current 2D flow field mathematical model
cannot reflect that.

Aiming at the defects of the current DJSV pilot
stage model and based on the theory of 3D turbu‐
lent jets and the momentum conservation theorem,
a flow field model of the pilot stage which is more
in line with the actual state of the flow field is estab‐
lished. A velocity distribution expression of the flow
field is proposed. The relationship between static
characteristics, especially the pressure-flow charac‐
teristics and the structure parameters, is obtained as
well. We hope it is beneficial to understanding the
working mechanism of the pilot stage and that it will
provide the theoretical basis for structure design and
optimization.

2 Mathematical model of the flow field

2.1 Working principle and flow field partition of
the pilot stage

A typical pilot stage includes a jet-pan, two cover
plates, and a deflector which is connected to the torque
motor armature component as shown in Fig. 1. There
is a V-shaped groove on the deflector. The region be‐
tween the jet-pan and the cover plates forms the pilot
stage’s flow field, and contains a jet nozzle, a pres‐
sure outlet, and two receiving chambers. The jet noz‐
zle and pressure outlet are connected with the oil sup‐
ply port and the oil return port of the servo valve, re‐
spectively, and two receiving chambers are connected
to both ends of the slide valve. When the torque motor
drives the armature component to move, the deflector
and guide groove deviate as well and make the fluid
flow into the two receiving chambers inconsistent, re‐
sulting in different recovery pressures and driving the
slide spool to move.

The flow field of the pilot stage can be divided
into five regions. As shown in Fig. 2, the origin o is
placed in the center of the jet nozzle, the x direction is
the movement direction of the deflector, the y direc‐
tion is the thickness direction of the jet-pan, and the z
direction is the flow direction of the jet. There are five
regions, as follows:

(1) Pressure jet region: the region before the jet
nozzle (region before section 1-1). In this region, the
fluid forms high-speed jets and the flow from the jet
nozzle is driven by the pressure difference.

(2) Free jet region: the region from the jet nozzle
to the area where the jet contacts the wall of the guide

Fig. 1 Working principle of the DJSV
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groove (the region between section 1-1 and section 2-2).
In this region, the jet is unrestrained, freely expands
and constantly mixes with the surrounding fluid. At
section 2-2, the outer boundary of the jet along the
x direction is 2da2, and the outer boundary of the jet
along the y direction is 2db2.

(3) Mixed collision region: the region from the
contact of the jet with the wall to the outlet of the
guide groove (the region between section 2-2 and
section 3-3). In this region, fluid collides with the
wall of the deflector and causes energy loss. At
section 3-3, the outer boundary of the jet along the y
direction is 2dbs.

(4) Secondary jet region: the region from the out‐
let of the guide groove to the receiving chamber (the
region between section 3-3 and section 4-4), The fluid
flows from the outlet of the guide groove and then ex‐
pands freely again. At section 4-4, the outer boundary
of the jet along the x direction is 2dar2, and the outer
boundary of the jet along the y direction is 2dbr2.

(5) Pressure recovery region: the region where
the jet enters the receiving chambers and flows out of
them (the region after section 4-4). The kinetic energy
of the fluid converts to pressure energy again.

2.2 Pressure jet region

In the pressure jet region, the potential energy of
the fluid is converted to kinetic energy. The velocity
of the jet, v1, at the jet nozzle is as high as 200 m/s,
which is a fully developed turbulence. The flow veloc‐
ity at the jet nozzle can be calculated by the Bernoulli
equation:

ps

ρ
=

p t

ρ
+

v2
1

2
+ ζ1

v2
1

2
 (1)

where ρ is the oil density, ps is the supply pressure, pt is
the return pressure, and ζ1 is the energy loss coefficient.

2.3 Free jet region based on 3D turbulent jets

Since the distance from the jet nozzle to the de‐
flector is very short, the free jet region is in the poten‐
tial core region of the 3D jet. There are two zones in
the region; one is the constant velocity zone whose
velocity is consistent with the jet nozzle, and the other
is the shear layer whose velocity decreases gradually
due to the mixing characteristics of the jet. Since the
3D jet is complex, the velocity distribution lacks effec‐
tive mathematical expression. To facilitate calculation,
as shown in Figs. 3a and 3b, the velocity distribution of
the free jet region is simplified and assumed as follows:

1. The outer boundary of the jet along the x di‐
rection and y direction conforms to the linear expan‐
sion law.

2. The isovelocity line in the streamwise direc‐
tion is rectangular and the velocity in the crossflow di‐
rection can be ignored (Marsters, 1981).

3. The velocity in the constant velocity zone is
equal to the jet nozzle velocity and the velocity in the
shear layer conforms to the cosine distribution (Squire
and Trouncer, 1944). The shear layer boundary along
the x direction is equal to the circular jet boundary
with the width of jet nozzle a as the diameter; the
shear layer boundary along the y direction is equal to
the circular jet boundary with the jet nozzle height b
as the diameter.

Fig. 2 Flow field partition diagram. pr1 and pr2 are the recovery pressures of the two receiving chambers
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According to the above assumptions, the inner
and outer boundaries of the shear layer along the x di‐
rection da1 and da2 are (Squire and Trouncer, 1944):

da1 =
0.95a - 0.194L

2
 (2)

da2 =
1.07a + 0.316L

2
 (3)

and the inner and outer boundaries of the shear layer
along the y direction db1 and db2 are:

db1 =
0.95b - 0.194L

2
 (4)

db2 =
1.07b + 0.316L

2
 (5)

where L is the length of the free jet, which is the dis‐
tance from section 1-1 to section 2-2.

So the velocity distribution v2 in the shear layer
at section 2-2 is as follows:

if | y | ≤ db1 + k (| x | - da1) k =
db2 - db1
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As shown in Fig. 4, L and the structure parameters
have the following geometric relationship:

L = L0 - xf × cot θ (8)

where θ is the half-angle of the V-shaped guide
groove, L0 is the length of the free jet when the deflec‐
tor is at zero position, xf is the deflector displacement,
and there is

2da2 - an

2tanθ
+ L0 +

D - d
2

=D (9)

where d is the thickness of the deflector, D is the dis‐
tance from the jet nozzle to the receiving chamber,
and an is the width of the guide groove outlet.

2.4 Mixed collision region

In this region, the jet is constrained by the guide
groove, the collision between fluid flow and the guide

Fig. 4 Structural parameters of the jet and the pilot stage

Fig. 3 Schematic diagram of the free jet region: (a) flow
field structure; (b) zones in jet section
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groove results in the destruction of the 3D jet and the
constant velocity zone no longer exists. Therefore, the
following simplified assumptions in this region are
made in combination with Fig. 5.

1. The outer boundary of the jet along the y di‐
rection dbs still conforms to the linear expansion law,
but the inner boundary does not exist because the con‐
stant velocity zone disappears.

2. The velocity along the y direction at the outlet
of the guide groove satisfies the cosine distribution,
and the velocity distribution along the x direction is
consistent.

3. The velocity in the crossflow direction is also
ignored.

Based on these assumptions, the velocity distri‐
bution v3 at section 3-3 can be obtained as follows:

dbs =
1.07b + 0.316

D + d
2

2
 (10)

v3( x y) =
1
2

vs

é

ë
ê
êê
ê1 - cos ( dbs - y

dbs

π)ùûúúúú  (11)

where vs is the maximum velocity at the outlet of the
guide groove. This can be obtained by the momentum
conservation theorem as follows:

Take two deflector walls of the guide groove
(face No. 1 and face No. 2), sections 2-2 and 3-3 (face
No. 3 and face No. 4) and the outer boundary of the
jets (face No. 5 and face No. 6) as the control body,
which is shown in Fig. 5. In the streamwise direction,
from the law of conservation of momentum, the mo‐
mentum difference between the flow entering and

leaving the control body is equal to the momentum
loss in the collision between the fluid and the two de‐
flector walls, namely:

J i - Jo = J1z + J2z (12)

where Ji is the momentum of the fluid entering the
control body, which can be calculated by integrating
the velocity at section 2-2. Jo is the momentum of the
fluid leaving the control body. J1z and J2z are the mo‐
mentums lost by the collision between the fluid and
the two deflector walls in the z direction in unit time,
respectively.

As shown in Fig. 6, triangle zones on both sides
are taken as the control bodies. Thus, the momentum
loss in the z direction by the collision is:

J1z =F1 sin θ = J1 sin2θ = sin2θ ∬
A1

ρv2
2( x y) dxdy (13)

J2z =F2 sin θ = J2 sin2θ = sin2θ ∬
A2

ρv2
2( )x y dxdy (14)

where A1 and A2 are the projected areas of the two con‐
trol bodies on the plane xoy. F1 and F2 are the flow
forces acting on the two deflector walls, and J1 and J2

are the momentums entering the two triangular con‐
trol bodies, respectively.

2.5 Secondary jet region

In the secondary jet region, assuming that the jet
boundary still conforms to the law of linear expansion
as shown in Fig. 7, the inner and outer boundaries
along x direction dar1 and dar2 and the outer boundary
along y direction dbr2 of the shear layer can be ob‐
tained as follows:

dar1 =
0.95an - 0.194

D - d
2

2
 (15)

Fig. 5 Schematic diagram of the mixed jet region

Fig. 6 Schematic diagram of the mixed jet region
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dar2 =
1.07an + 0.316

D - d
2

2
 (16)
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1.07b + 0.316D

2
. (17)

The velocity distribution v4 at section 4-4 is as
follows:

inside the inner boundaries
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outside the inner boundaries
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(19)

2.6 Pressure recovery region considering jet
entrainment

As shown in Fig. 7, the pressure recovery region
of the pilot stage is connected to both ends of the
slide valve of the DJSV. The secondary jet enters the
receiving chamber and one part is converted into a
flow qL pushing the movement of the slide spool; the
other part flows out of the receiving chamber under
the effect of the pressure difference between the inside
and outside of the receiving chamber.

For the two receiving chambers, there is

qL = q1o - q1i (20)
qL = q2i - q2o (21)

where qL is the load flow through the two chambers,
q1o and q2o are the flow rates out of the chambers due
to different pressures, and q1i and q2i are the flow rates
into two chambers, respectively. As shown in Fig. 8,
taking the right receiving chamber as an example,
the fluid entering the receiving chamber consists of
two parts, one is the jet flow received at section 4-4
q2s, and the other part is the entrainment flow q2t after
section 4-4. The entrainment flow is decided by the
jet length because of the jet expansion; the greater the
jet length, the higher the entrainment flow will be.

The jet length is related to the recovery pressure
of the receiving chamber and the secondary jet flow
rate; lower recovery pressure and more flow rate lead
to more entrainment flow. According to the above
rules, by numerical integration and the Bernoulli equa‐
tion, there are

q1i = q1s + q1t = (1 + λ ps

pr1 + pa )∬
A1i

v4( )x y dxdy (22)

q2i = q2s + q2t = (1 + λ ps

pr2 + pa )∬
A2i

v4( )x y dxdy (23)

q1o =Cd A1o

2( )pr1 - p t

ρ
 (24)

q2o =Cd A2o

2( )pr2 - p t

ρ
 (25)

pL = pr2 - pr1 (26)

where q1s and q1t are jet flows received at section 4-4
and entrainment flow of the left chamber, respectively.

Fig. 8 Schematic diagram of jet entrainment

Fig. 7 Schematic diagram of secondary jet region and
pressure recovery region
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pr1 and pr2 are the recovery pressures of the two receiv‐
ing chambers, Cd is the flow coefficient, pL is the load
pressure difference, λ is the entrainment coefficient,
and pa is the pressure constant. λ and pa can be ob‐
tained by fitting simulation results. A1i and A2i are the
inflow areas of the two chambers, and A1o and A2o are
their outflow areas. According to Fig. 9, there are

A1i = (dar2 - xf - 0.5e) b (27)

A2i = (dar2 + xf - 0.5e) b (28)

A1o = Lrb -A1i (29)
A2o = Lrb -A2i (30)

where e is the width of the wedge, and Lr is the length
of the receiving chamber.

According to the above model, the relationship
between the pressure and the flow of the two receiv‐
ing chambers under different deflector positions can
be obtained.

3 Theoretical model

The static characteristics such as pressure-flow
characteristics, pressure characteristics, and flow char‐
acteristics can be calculated according to the flow
field model. The calculation process for static charac‐
teristics is shown in Fig. 10. First, the jet velocity at
the jet nozzle is calculated by the Bernoulli equation

according to the system pressure. Second, the jet ve‐
locity distribution at section 2-2 can be obtained ac‐
cording to the 3D turbulent jet flow law. Then, the ve‐
locity distribution at the outlet of the guide groove is
calculated by the momentum theorem in the mixed
collision region. After that, the velocity distribution at
section 4-4 of the receiving chambers is obtained ac‐
cording to the secondary jet flow. Finally, according
to the jet entrainment model, Bernoulli equation, and
flow continuity theorem, the relationship between the
load flow and the pressure difference of the two re‐
ceiving chambers can be obtained. The main structural
parameters of the pilot stage and the empirical con‐
stants are shown in Table 1.

3.1 Pressure-flow characteristics

The pressure-flow characteristics refer to the re‐
lationship between the load pressure difference pL be‐
tween the two chambers and the load flow qL through
the two chambers under different deflector positions.
These are the most important static characteristics of
the pilot stage. As shown in Fig. 11, it can be found
that when the deflector is fixed, there is an approxi‐
mate linear relationship between the load flow and the
load pressure; the flow-pressure coefficient is con‐
stant. When the load pressure increases, the load flow
basically decreases linearly.

Fig. 9 Structure diagram of the receiving area

Fig. 10 Calculation process of static characteristics
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3.2 Cut-off load pressure characteristics

When the load flow drops to zero, the load pres‐
sure difference pL between the two chambers is the
cut-off load pressure Δp. The cut-off load pressure re‐
flects the maximum load capacity that can be achieved
by the pilot stage. It can be seen from Fig. 12 that
with the increase of the deflector position, the pres‐
sure of the high-pressure chamber increases more ob‐
viously, while the pressure of the low-pressure cham‐
ber decreases and tends to be flat. The pressure differ‐
ence is approximately linear with the deflector position.

3.3 No-load flow characteristics

When the load pressure decreases to zero, the
load flow qL is the no-load flow between the two

chambers. The no-load flow reflects the response
speed of the pilot stage. The higher the no-load flow
is, the faster the response speed of the pilot stage is. It
can be found from Fig. 12 that with the increase of
the deflector position, the no-load flow increases grad‐
ually, but the flow gain gradually decreases.

4 Model verification and discussion

4.1 Pressure characteristics test

The pilot stage cut-off load pressure characteris‐
tics experiment of a DJSV was carried out on the test
rig as shown in Fig. 13a by the Aviation Key Labora‐
tory of Science and Technology on Aero Electrome‐
chanical System Integration, China, and the main
structure parameters of the pilot stage are shown in
Fig. 13b and are consistent with those in Table 1. The
medium is RP3 fuel, and the temperature is 17–20 ℃.
The return pressure pt is zero, the supply pressures ps

are 1, 5, and 10 MPa, respectively. The experimental
principle is shown in Fig. 14. In the experiment, differ‐
ent control currents Δi are applied to the torque motor,
the armature displacement is measured by the laser
displacement sensor (LK-H025 Series, KEYENCE,
Japan, with measurement resolution of 0.01 μm), and
the recovery pressures of the receiving chambers are
measured by a pressure gauge with measurement reso‐
lution of 0.01 MPa. To facilitate the measurement of
the armature displacement, an extension board is at‐
tached to the armature. The deflector displacement
can be obtained indirectly by the geometric relation of
the armature components. Experimental data of de‐
flector displacement and cut-off load pressure under
different supply pressures are shown in Table 2.

Fig. 11 Pressure-flow characteristics of the pilot stage at
different positions

Fig. 12 Pressure characteristics and flow characteristics
of the pilot stage

Table 1 Structure parameters and empirical constants

Parameter
Width of jet nozzle, a (mm)

Thickness of jet-pan, b (mm)

Distance from jet nozzle to receiving
chamber, D (mm)

Thickness of the deflector, d (mm)

Width of guide groove outlet, an (mm)

Half angle of guide groove, θ (°)

Length of receiving chamber, Lr (mm)

Width of the wedge, e (mm)

Energy loss coefficient, ζ1

Entrainment coefficient, λ

Pressure constant, pa (MPa)

Supply pressure, ps (MPa)

Return pressure, pt (MPa)

Flow coefficient, Cd

Oil density, ρ (kg/m3)

Oil dynamic viscosity, μ (Pa·s)

Value
0.155

0.51

1.04

0.6

0.123

18.35

0.221

0.1

0.09

0.435

3.5

21

0

0.85

778

1.14×10−3
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The load pressures under different supply pres‐
sures are non-dimensionalized and compared with the
theoretical model results, as shown in Fig. 15. It can
be found from experimental data that when the deflec‐
tor displacement is small, the dimensionless pressures
under different supply pressures are close to each
other, while, when the deflector displacement is large,
the increase of supply pressure makes the dimension‐
less pressure increase slightly. The model calculation

also shows that there is little difference in the dimen‐
sionless pressure characteristics under different sup‐
ply pressures. The model results are in good agree‐
ment with the experimental results, which indicates the
reliability of the mathematical model of the pilot stage.

It is worth mentioning that, by modifying the pa‐
rameters of the 2D mathematical model, a better fit‐
ting effect can be achieved for the static characteristics

Table 2 Relationship between cut-off load pressure and deflector displacement under different supply pressures

ps=1 MPa

Deflector
displacement, xf (μm)

1.80

8.09

15.32

21.89

32.67

44.34

Cut-off load
pressure, pL

(MPa)
0.04

0.14

0.26

0.35

0.45

0.53

ps=5 MPa

Deflector
displacement, xf (μm)

3.49

17.14

33.27

43.67

Cut-off load
pressure, pL

(MPa)
0.32

1.48

2.70

3.18

ps=10 MPa

Deflector
displacement, xf

(μm)
1.54

4.65

7.81

11.70

14.69

Cut-off
load pressure, pL

(MPa)
0.30

0.82

1.31

1.96

2.41

Fig. 13 Experimental setup: (a) test rig; (b) jet-pan of pilot
stage

Fig. 15 Dimensional cut-off load pressure characteristics

Fig. 14 Schematic diagram of experimental setup
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of a specific structure. However, because the flow in
the third direction is ignored, the 2D model has some
shortcomings in describing the flow field structure
and in variable parameter analysis.

4.2 Validation of the internal flow field model

In addition to the static characteristics, the inter‐
nal flow law is another important indicator reflecting
the accuracy of the model. However, as the structural
size of the pilot stage is too small (less than 1 mm), it
is difficult to carry out a flow field visualization test,
so this part is verified by finite element analysis
(FEA). As shown in Fig. 16, a 3D flow field simula‐
tion model for the pilot stage of DJSV is established.
In the model, a thin-walled orifice is used to simulate
the load between two chambers, and orifices with dif‐
ferent diameters can simulate the influence of differ‐
ent loads on the flow field. The velocity distribution
of 3D jets in the free jet region and the jet entrainment
in the pressure recovery region are verified in this
part.

4.2.1 Verification of the 3D jet model

The velocity distribution in the streamwise direc‐
tion at section 2-2 of the deflector at 0 and 0.04 mm
in the free jet region are compared based on the FEA
result (Fig. 17a) and the model result (Fig. 17b). In
this FEA case, the diameter of the damping orifice is
zero, and the velocity distributions in the free jet area
under different loads are almost the same. It can be
found that the jets expand in both the x direction and
the y direction. In addition, it is not difficult to find
that the shape of the isovelocity line in the flow field
is close to the shape of a straight slot, which is similar

to the shape of the rectangular isovelocity line pro‐
posed in this study. The higher the velocity is, the more
obvious is the rectangular feature of the isovelocity
line. With the offset of the deflector, the range of the
constant velocity region expands, and the width of the
shear layer decreases. These characteristics are consis‐
tent with the 3D turbulent jet model proposed in this
study.

4.2.2 Jet entrainment in the receiving chamber

Fig. 18 shows the velocity of the pilot stage flow
field. Taking the right receiving chamber as an exam‐
ple, it can be seen that the jet lengths of a secondary
jet entering the receiving chamber are not the same
under different working conditions.

In Fig. 18a, the deflector position is 0.04 mm,
the diameters of the damping orifices Do are 0.5 and
0.1 mm, respectively, and the recovery pressures
of the right receiving chamber are 2.74 and 9.24 MPa,

Fig. 16 Schematic diagram of the experimental setup

Fig. 17 Velocity distribution along the streamwise
direction at section 2-2: (a) FEA result; (b) model result
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respectively in the two cases. It can be found that al‐
though the deflector position is the same, the jet length
is affected by the recovery pressure of the receiving
chamber; the increase of pressure leads to the shorten‐
ing of jet length and the reduction of entrainment flow.

Fig. 18b shows the flow field when the deflector
positions are 0.04 and 0.01 mm, the diameter of the
damping orifice Do is 0.5 mm, and the recovery pres‐
sures of the right receiving chamber are 2.74 and
2.22 MPa, respectively. It can be found that although
the recovery pressure is smaller when the deflector is
0.01 mm, the jet length is still shorter due to the
smaller secondary jet flow rate into the receiving cham‐
ber. Therefore, the secondary jet flow rate into the re‐
ceiving chamber is another important factor related to
entrainment flow rate.

In this section, some regular explorations have
been made on jet entrainment in the pressure recovery
region, and the parameters in Eq. (22) are obtained
through parameter fitting. In fact, jet entrainment is
very complex and affected by many factors, and a
more accurate jet entrainment model is worth further
exploration.

5 Conclusions

1. The flow law of the pilot stage of flow field of
the DJSV is revealed and a new flow field mathemat‐
ic model for the pilot stage of the DJSV is established
based on a 3D jet model and a jet entrainment model.
The process of fluid energy transfer and the working
principle of the pilot stage are clarified. Compared
with the traditional 2D mathematical model, the 3D
mathematical model reflects the flow field structure
of the pilot stage more accurately. In particular, it is
advantageous in analyzing the static performance when
the structural parameters change.

2. The expression of velocity distribution in a 3D
free jet region is presented; the isovelocity line in the
streamwise direction is rectangular. In the pressure re‐
covery region, the coupling relationship between jets
flow rate and recovery pressure is established, and the
jet entrainment model is put forward to overcome the
problem of low calculation of recovery pressure.

3. The pressure-flow characteristics, pressure char‐
acteristics, and flow characteristics of the pilot stage
are derived. The pressure characteristics of the pilot
stage are tested and the results show that the dimen‐
sionless cut-off load pressure characteristics are basi‐
cally the same under different supply pressures. The
experimental results are in agreement with the theoret‐
ical results. The 3D mathematical model is beneficial
for the structural improvement of the pilot stage.
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