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Abstract
Jet pulse assembly is one of the main components of jet hydraulic oscillator. The pressure wave characteristics produced 
by jet pulse assembly have an important influence on the performance of the tool. In this paper, the structure and work-
ing principle of jet pulse assembly are studied, the mechanical analysis model of piston rod is established, the dynamic 
resistance ratio formula of jet pulse assembly is deduced, and the numerical simulation test of 89-mm jet pulse assembly 
structure parameters is carried out. The results show that the piston rod downward stroke is driven by both the jet element 
driving force and the throttle plate load driving force, and can stably descend. The driving force of the piston rod upward 
stroke jet element is opposite to the load acting force of the throttle disc, and the jet driving force needs to be greater than 
the load resistance of the throttle disc to stably ascend. The dynamic resistance ratio formula is deduced. When the area of 
the end of the piston rod is reduced, the resistance of the throttle disc is reduced and the jet power is increased, thus solv-
ing the problem of insufficient power of the piston rod in the upstroke and ensuring the normal operation of the tool. Ten 
groups of numerical simulation tests were carried out, and it was found that the pressure amplitude and pressure drop of the 
tool decreased significantly with the increase of the tool size, and the error between the numerical simulation value and the 
theoretical calculation value was less than 9%, which verified the correctness of the theory. It is suggested to select tools on 
site according to the drilling construction situation to ensure the drilling effect.

Keywords Friction reduction and torsion · Jet pulse assembly · Dynamic resistance ratio formula · Pressure amplitude · 
Numerical simulation

1 Introduction

With the gradual deepening of the development of oil fields, 
the number of complex structural wells such as high-angle 
wells, horizontal wells and multi-branch horizontal wells is 
increasing. The issue of realizing fast drilling and increasing 
the length of horizontal sections has become the focus of 
attention (Barton et al. 2011; Mccormick and Chiu 2011; Liu 
et al. 2016a, b). Since the 1980s, more and more downhole 
rotary drilling has been utilized in directional wells due to 

many advantages, such as increasing the rate of mechani-
cal drilling, increasing the footage of a single drill bit, and 
achieving well path control. However, the friction between 
the drill string and the borehole wall is large because of the 
large inclination angle of the well, which is resulting in low 
drilling rate (ROP), drilling tool wear and tear, and wellbore 
instability (Abdo and Al-Sharji 2014; Clausen et al. 2014; 
Martinez et al. 2013). In order to enhance the extending 
ability of directional wells and maximize the productivity 
of oil reservoirs, the problem of reducing friction torque 
has become the focus of research in the oil field. The most 
commonly used tools are axial oscillator tools (AOT) and 
lateral oscillator tools (LOT), which are used for reduc-
ing friction and reducing torque. When drilling, the tools 
are used together with the drill string or downhole drilling 
assembly to generate benign vibration and achieve the effect 
of reducing friction and resistance (Gee et al. 2015). The 
AOT typically uses a mud-driven sliding or rotary valve to 
generate a pressure pulse, and the pulse can be converted to 
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an axial vibration motion by a vibrating nip, which can run 
on the AOT or transmitted to the AOT (Alali et al. 2012). 
The LOT typically uses an eccentric rotating mass driven 
by mud to create radial vibration between the wellbore and 
the tool, thereby reducing friction. In practical applications, 
both of them have effectively improved the drilling friction 
conditions, but the performance of AOT is significantly bet-
ter than LOT (Zheng et al. 2003). The most widely used 
axial oscillator tools were developed by National Oilwell 
Varco (NOV) (Al-Buali et al. 2009). The tool was originally 
applied to continuous pipe drilling, and the application of 
axial oscillators in continuous tube drilling was introduced 
in the literature, respectively (Rasheed 2001; Maidla and 
Haci 2004; Al-Buali 2009). However, due to the good anti-
friction effect, the application range is extended to horizontal 
wells, high-angle wells, large displacement wells, etc. Since 
the successful development of the tool around 2000, it has 
been widely used in thousands of wells around the world. 
However, both AOT and LOT have slowed down the opti-
mization and further application of these tools, which have 
complex structures such as deformable or movable parts 
and subsequent maintenance, technical difficulties associ-
ated with corrosion, wear and failure (Panchal et al. 2012).

By referring to the percussive and rotary drilling technol-
ogy, Liu developed a fluidic axial oscillator tool (FAOT) 
(Liu 2014). The FAOT uses a bi-stable jet element as the 
core power component. Through the Coanda effect of the jet 
element, the high-pressure mud is controlled to flow into the 
upper and lower chambers of the cylinder, pushing the piston 
back and forth, and generating periodic pressure changes in 
the conical throttle disc. Liu He et al. used Computational 
Fluid Dynamics (CFD) simulation and experimental tests 
to verify the feasibility of the tool in directional drilling of 
horizontal wells (He et al. 2015). Besides, there are also 
many other fluidic oscillators that have been numerically 
investigated by using CFD simulations and have retained a 
high level of predictive accuracy (Bobusch et al. 2013; Tesai 
et al. 2013; Tesar and Smyk 2015; Pandey and Kim 2018). 
With no moving or deformable parts and all-metal construc-
tion, FAOT has the advantages of high-temperature resist-
ance, corrosion-resistant environment, and other extreme 
environmental conditions, so its service life can extend sig-
nificantly (Liu et al. 2016a, b). A large number of field tests 

have shown that compared with conventional drilling meth-
ods, the drilling efficiency is increased by more than 50% 
on average with the application of FAOT in directional well 
drilling. Besides, the tool can operate for more than 155 h in 
a complex underground environment without failure (CNPC 
2016). Therefore, FAOT technology is a promising solution 
that for developing a new generation of complex well drill-
ing process anti-friction tools.

However, it is found that there are some problems on 
FAOT affecting its working performance in the field appli-
cation process: because the drilling fluid containing solid-
phase particles enters the FAOT, the high-speed jet will 
cause wear and erosion on the internal parts of the tool, 
and the jet element is most susceptible to erosion wear. The 
damage of the internal structure will directly lead to the 
abnormal operation of the tool and reduce the service life of 
the tool. FAOT will have unstable operation, large pressure 
consumption, small pressure amplitude, small axial vibration 
displacement, and poor drilling effect in actual operation 
(Zhang et al. 2017). The above problems show that the theo-
retical research on jet pulse assembly is not sufficient, espe-
cially the formulas for calculating structural parameters and 
hydraulic characteristics are lacking. Based on the mechanic 
analysis of the piston rod in the upstroke–downstroke, the 
dynamic resistance ratio formula of the piston rod movement 
is deduced for the 89-mm jet pulse assembly. Besides, the 
structural parameters and hydraulic characteristics of the jet 
pulse assembly are quantitatively calculated, thus solving the 
problems existing in the design of the jet pulse assembly. 
The design theory has been verified by numerical simulation 
test, which is of great significance to the design and applica-
tion of fluidic axial oscillator tool.

2  Mechanical structure and principle

As shown in Fig. 1, the jet pulse assembly with an outer 
diameter of 89 mm includes an outer structure and an inner 
structure (Mao et al. 2013). The external structure mainly 
consists of cylinder barrel and upper and lower joints. The 
internal structure consists of an upper gland, a jet element, a 
cylinder, an adjusting cone rod, a piston rod, a cylinder head, 
a spacer sleeve, and a throttle plate. The core components 

1 2 3 4 5 6 7 8 9 10 11

Fig. 1  Mechanical structure diagram of 89-mm jet-type pulse assembly. 1—outer cylinder, 2—upper gland, 3—jet element, 4—cylinder, 5—
adjusting cone rod, 6——piston rod, 7—cylinder head, 8—spacer sleeve, 9—throttle plate, 10— disc spring cover, 11—diesel spring
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of jet pulse assembly are bi-stable jet element, piston rod, 
and throttle disc.

Bi-stable jet element has dual functions of power drive 
and commutation. The power driving principle is that dur-
ing the movement of the upstroke–downstroke piston, the jet 
stabilizing wall acts on one side surface of the jet element. 
After the kinetic energy of the high-speed jet converted to 
high pressure, a pressure difference generate in the two out-
put channels of the jet element. Then the pressure difference 
in the output channels communicate to the upper and lower 
chambers of the piston cylinder, which drive the piston rod 
to reciprocate up and down (Zhao et al. 2018).

The reversing principle is that when the piston in the pis-
ton cylinder moves to the upper and lower dead points, the 
jet flow of the jet element nozzle will switch. Then the jet 
flow will switch from one side of the attached wall flow to 
the other side. As a result, the high and low pressure distri-
bution between the output channels and the upper and lower 
chambers of the piston cylinder will change, the pressure 
difference between the upper and lower end surfaces of the 
piston rod will also switch. And the piston rod in the piston 
cylinder will generate reverse movement under the action of 
reverse pressure difference, thus completing the movement 
reversing (Wang and Xue 2007, 2008).

The throttle plate is the component to generate pulse pres-
sure. When the piston rod reciprocates inside the throttle 
plate, its flow area changes periodically, so the throttle pres-
sure drop changes periodically. When the piston rod moves 
to the top dead centre, the piston rod is at the position where 
it has just entered the throttle plate. At this time, the overcur-
rent area is the smallest and the pressure drop generated is 
the largest. When the piston rod moves to the bottom dead 
centre, the piston rod reaches the disc spring sleeve. At this 
time, the overcurrent area is the largest and the pressure 
drop generated is the smallest. Under the action of periodic 
pressure, the jet pulse assembly generates a pressure wave, 
and the pressure wave acts on the vibration assembly. The 
vibration assembly generates axial vibration through a disc 
spring, thereby reducing friction and drag, preventing the bit 
from pressing and improving the penetration rate.

3  Design theory

The piston rod motion of jet pulse assembly includes upstroke 
and downstroke. The motion law and stress of the two strokes 
are completely different. The following is the mechanical 
analysis of the down and upstrokes.

3.1  Mechanical analysis of downstroke

As shown in Fig. 2, during the downstroke, the jet attaches 
to one side of the upper chamber, so the upper chamber is 
a high-pressure region, the low-pressure fluid in the lower 
chamber flows out of the evacuation channel, and the lower 
chamber is a low-pressure region. The piston rod moves down-
ward under the jet pressure and the acting force at the throttle 
plate. The extraction of the pressure zone where the piston rod 
is located is simplified, and the theoretical analysis model of 
downstroke is established. As shown in Fig. 2, the area of the 
top end of the piston rod is A1, wherein A

1
=

�

4
d2
1
 ; the annular 

area of the middle section of the piston rod is A2, wherein 
A
2
=

�

4

(

d2
1
− d2

2

)

 ; the small diameter annular area of the piston 
rod is A3, wherein A

3
=

�

4

(

d2
2
− d2

3

)

 ; The end area of the piston 
rod is A4, wherein A

4
=

�

4
d2
2
.

During the downstroke, the piston rod is in four pressure 
zones. From left to right, the first is high-pressure zone P1 (red 
zone) of the upper chamber, the second is the low-pressure 
zone P2 (yellow zone) of the lower chamber. Then the third is 
the sub-low-pressure zone P3 (green zone) of the spacer sleeve 
and the last is the lowest pressure zone P4 (blue zone) of the 
disc spring sleeve, wherein P1 > P2 > P3 > P4.

The positive direction is downward: the acting area of the 
upper chamber high pressure P1 is A1, and the acting direction 
of P1A1 is downward. The acting area of low pressure P2 is A2, 
and the acting direction of P2A2 is upward. The action area A3 
of sub-low pressure P3 is upward, and the action direction of 
P3A3 is upward. The action areas of the lowest pressure P4 are 
A3 and A4, respectively, the action direction of P4A3 is down-
ward, and the action direction of P4A4 is upward. Therefore, 
the resultant force F on the piston rod is:
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Fig. 2  Schematic diagram of downstroke mechanical analysis model
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As the fluid in the sub-low-pressure region P3 passes 
through the throttle plate, the change of the flow area is 
small, so the generated flow pressure drop is small and can 
be ignored in calculation, so P3 ≈ P4, and A1 = A2 + A4, which 
is arranged by substituting formula (1):

where (P1 − P2) A2 is defined as the jet power acting on the 
piston rod due to the high and low pressure difference gener-
ated by the jet wall, and (P1 − P4) A4 is defined as the throttle 
plate power generated by the diameter change of the piston 
rod at the throttle plate.

Therefore, through the mechanical analysis of the down-
stroke, it is concluded that the piston rod is affected by jet 
power and throttle plate power during the downstroke, so 
F > 0, piston rod can move down smoothly, and the tool can 
work stably during the downstroke.

3.2  Mechanical analysis of upstroke

During the upstroke, the jet flow attaches to one side of the 
lower chamber during the upstroke, so the lower chamber 
is a high-pressure area, the low-pressure fluid in the upper 
chamber flows out of the evacuation passage, and the upper 
chamber is a low pressure. The piston rod moves upward 
under the jet flow pressure and the acting force at the throttle 
plate. As shown in Fig. 3, the pressure area where the pis-
ton rod is located is simplified and the upstroke mechanical 
analysis model is established.

During the upstroke, the piston rod is in five pressure 
zones. From left to right, the first is the low-pressure zone 
P1 (yellow zone) of the upper chamber, and the second is the 
high-pressure zone P2 (red zone) of the lower chamber. Then 
the third is the low-pressure zone P3 (green zone) of the 
spacer sleeve, the fourth is the low-pressure zone P4 (light 
blue zone) of the throttle plate, and the last is the lowest 
pressure zone P5 (dark blue zone) of the disc spring sleeve, 
wherein P2 > P1 > P3 > P4 > P5.

The positive direction is upward: the action area of 
low pressure P1 is A1, and the action direction of P1A1 is 
downward; The acting area of high pressure P2 is A2, and 

(2)F = (P
1
− P
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+ (P
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4
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4

the acting direction of P2A2 is upward. The action area of 
low pressure P3 is A3, and the action direction of P3A3 is 
upward. The action area of low pressure P4 is A3, and the 
action direction of P4A3 is downward. The action area of 
the lowest pressure P5 is A4, and the action direction of 
P5A4 is upward. Therefore, the resultant force F’ on the 
piston rod is

As the fluid in the sub-low-pressure region P3 passes 
through the throttle plate, the change of the flow area is 
small, so the generated flow pressure drop is small and 
can be ignored in calculation, so P3 ≈ P4, and A1 = A2 + A4, 
which is arranged by substituting formula (3):

In formula (4), (P2 − P1) A2 is defined as the jet power 
acting on the piston rod due to the high and low pressure 
difference generated by the jet wall, and − (P1 − P5) A4 is 
defined as the resistance at the throttle plate.

During the upstroke, the force on the piston rod includes 
jet power and resistance at the throttle plate. Whether it 
can move stably upward depends on the quantitative rela-
tionship between the two, which is the reason why the tool 
works unstably. The condition for stable upward stroke is 
that the jet power is not less than the throttle plate resist-
ance, and the critical condition is that the jet power is 
equal to the throttle plate resistance.

Based on the mechanical analysis of up- and down-
strokes, it is concluded that: firstly, during the downstroke, 
the piston rod moves downward and the throttle plate load 
is the power; during the upstroke, the piston rod moves 
upward, and the load of the throttle plate is resistance. 
Secondly, when the piston rod moves upward, the flow 
area of the throttle plate decreases continuously and the 
load resistance increases continuously. If the power of the 
tool is less than the resistance, the piston rod will be forced 
to reverse downward before reaching the top dead centre, 
affecting the normal work of the tool. Lastly, the condition 
for the piston rod to work stably upward is that the power 

(3)F� = −P
1
A
1
+ P

2
A
2
+ P

3
A
3
− P

4
A
3
+ P

5
A
4

(4)F�=(P
2
− P

1
)A

2
− (P

1
− P

5
)A

4

A

A1 A2 A3 A3 A4

P4

d3d1 d2 d2

P1 P2 P3 P5

Fig. 3  Schematic diagram of pressure drop distribution (upstroke)
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is not less than the resistance and critical condition is that 
power equals resistance.

3.3  Analysis of dynamic resistance ratio

The condition for stable operation of the upstroke is that the 
power is not less than the resistance. The critical condition 
is that power equals resistance, so F’ = 0, which is derived 
from Eq. (4):

where Co represents the correction coefficient, P1 represents 
the pressure of upper chamber, P2 represents the pressure of 
lower chamber, and P5 represents the pressure of disc spring 
sleeve. A2 and A4 represent the annular area of the middle 
section of the piston rod and the end area of the piston rod, 
respectively.

Since the overcurrent pressure drop from the spacer 
sleeve to the throttle plate and the friction pressure drop 
along the stroke are ignored in the mechanical analysis of the 
upstroke, a correction coefficient Co is added to ensure the 
stable operation of the tool. When the correction coefficient 
is greater than 1, the power is greater than the resistance to 
ensure smooth upward movement of the piston rod.

From Eq. (6), the ratio of dynamic pressure difference to 
resistance pressure difference during the upstroke is equal 
to the ratio of the area of the end and middle end of the 
piston rod. When the jet velocity is constant, the dynamic 
pressure difference is also constant. At this time, when the 
area of the end of the piston rod reduces, the action area of 
the resistance pressure difference at the throttle plate will 
reduce. At the same time, as the area of the end reduces, 
the annular area of the middle end of the piston rod will 
increase, the area of the jet dynamic action will increase to 
increase the power. Thus, the problem of insufficient power 
of the piston rod on the upstroke is solved, and the tool can 
work normally.

3.4  Analysis of pressure amplitude

When the piston rod moves to the top dead centre, the end of 
the piston rod completely enters the throttle plate. The flow 
area of the throttle plate is the smallest, resulting in the larg-
est flow pressure drop, so the minimum pressure here is P5. 
When the piston rod moves to the bottom dead centre, the 
flow area of the throttle plate is the largest and the generated 
flow pressure drop is the smallest, so the maximum pressure 
here is P4. So the flow pressure drop at the top dead centre is
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The flow pressure drop at the bottom dead centre is:

where P3 represents the pressure of the spacer sleeve, P5 
represents the minimum pressure at the throttle, and P4 rep-
resents the maximum pressure at the disc spring sleeve. ρ 
denotes drilling fluid density, Q represents the drilling fluid 
displacement;d2, d3, and d4 represent the piston rod end 
diameter, the smallest diameter of the piston rod, and throt-
tle inner diameter, respectively. Ab represents the flow area 
of the throttle plate at the bottom dead centre. Au represents 
that flow area of the throttle plate at the top dead centre. And 
Cv denotes velocity coefficient, its value is 0.75 here.

When the piston rod moves periodically in the throttle 
plate, the pressure amplitude is defined as ΔPw= P4 − P5. 
According to Eqs. (6)–(8), the difference between the two is 
the pressure amplitude after calculating the resistance pres-
sure drop and the minimum overcurrent pressure drop. In 
addition, the tool pressure drop of field tools ΔPt mainly 
consists of two parts: the jet pressure drop caused by high-
speed jet at the nozzle and the pressure drop caused by pres-
sure fluctuation at the throttle plate, ignoring the friction 
pressure drop along the path. In the theoretical calculation 
in this paper, the tool pressure drop is equal to the average 
value of the sum of the resistance pressure drop and the 
minimum overflow pressure drop plus the jet flow pressure 
drop of the nozzle.

According to the upstroke–downstroke mechanical anal-
ysis and pressure amplitude analysis, combined with the 
dynamic resistance ratio formula (6), a set of tool size and 
hydraulic parameters were calculated for the jet pulse assem-
bly with an outer diameter of 89 mm and an inlet displace-
ment of 10 L/s, while maintaining the jet flow velocity of 
70 m/s. The parameter table is shown in Table 1.

4  Numerical simulation

4.1  Physical model

In the numerical simulation, a jet pulse assembly with an 
outer diameter of 89 mm was selected, and a three-dimen-
sional mechanical structure diagram was drawn according 
to its components and assembly drawings. Then a three-
dimensional calculation domain of flow field was gener-
ated according to the mechanical diagram, and finally a 
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calculation grid was generated, thus establishing a numerical 
simulation physical model.

The jet pulse assembly has complicated mechanical 
structure and irregular structure of each component. The 
Solidworks software and splicing method were used to gen-
erate flow field calculation domain. As shown in Fig. 4, the 
flow field calculation domain includes the internal drainage 
basin of the jet element, the upper and lower cavity drainage 
basins of the cylinder body, the flow channels of the side 

wall, the spacer drainage basin, the throttle plate drainage 
basin, and the disc spring sleeve drainage basin (He et al. 
2015). Fluid enters that jet element through the inlet, the 
jet element drives the piston rod to move up and down. The 
piston rod divides the cylinder body into an upper cavity and 
a lower cavity, the lower surface of the upper cavity and the 
upper surface of the lower cavity move up and down along 
with the piston rod. The reduce diameter at the lower end 

Table 1  The parameters of tool dimensions and hydraulic parameters

Displacement, L/s d1, mm d2, mm d4, mm d3, mm ΔP
1
 , MPa ΔP

2
 , MPa ΔP

w
 , MPa ΔP

t
 , MPa

10 42 20 24.0 10 4.12 0.60 3.52 3.61
22 26.0 3.52 0.40 3.11 3.21
24 28.0 3.03 0.28 2.75 2.91
26 30.5 2.03 0.19 1.84 2.36
28 33.0 1.41 0.13 1.28 2.02

Upper cavity Lower cavity Spacer Disc spring cover

Jet element Piston rod position Throttle

Fig. 4  Computational domain of jet pulsed assembly flow field

Jet element

Inlet-1

Upper cavity

Lower cavity

Side wall channel

Spacer

Throttle

Disc spring cover

Outlet

Inlet-2

Inlet-3

Fig. 5  CFD grid of 89-mm jet pulse assembly
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of the piston rod moves back and forth in the throttling disc 
and the disc spring sleeve, so that the overflow area changes.

The CFD grid of the jet pulse assembly is shown in 
Fig. 5. The mesh model has 1050,000 mesh cells, of which 
the volume mesh is 852,000, and the others are face mesh 
cells. The fluid domain consists of a volume mesh, which 
was used to define boundary conditions, initial conditions, 
walls, deformed meshes, and so on. Because the piston rod 
of 89-mm jet pulse assembly has many diameter changes, 
grid division is carried out in the spacer sleeve and throttle 
plate basin, which is convenient for local grid encryption 
and capturing the hydraulic characteristics of fluid. This grid 
has three inlets, inlet-1 was used to ensure the jet velocity 
is 70 m/s, while inlet-2 and inlet-3 were used to split flow, 
ensuring the total displacement of inlet is 10 L/s.

4.2  Mathematical model

After the physical model is established, based on the fluid 
mechanic’s control equations and the discrete solution 
method, combined with the initial conditions and boundary 
conditions, the mathematical model of the 89-mm jet pulsed 
assembly is established.

The fluid forms a high-speed jet in the jet element, and 
the flow state is very complicated, and there are physical 
processes such as vortex, wall attachment, and switching, 
which belong to turbulent flow. After previous experimental 

studies, the turbulence model has higher accuracy than other 
models for this system simulation (Wang 2004).

The numerical simulation of jet pulse assembly was 
mainly divided into the steady-state calculation of up- and 
downstrokes. Since the jet pulse assembly works at a given 
displacement, the three-inlet condition adopts the velocity 
inlet boundary condition. The jet velocity was kept at about 
70 m/s through the area ratio calculation, and the outlet pres-
sure was defined as the natural outlet. The working pressure 
of inlet was set to zero, the other points are the pressure drop 
relative to the jet inlet. Besides, the object surface boundary 
adopts the non-slip boundary condition (Aram et al. 2017; 
Jeong and Kim 2018).

4.3  Numerical simulation

Five groups of tool structural dimensions were selected 
for numerical simulation tests. Each group of dimensions 
was divided into two groups of numerical experiments of 
upstroke–downstroke, totalling ten groups of experiments, 
with the sizes ranging from small to large in Table 2. When 
the displacement of the tool is 10 L/s, the working conditions 
of the pulse assembly with different sizes are simulated, and 
the hydraulic parameters calculated by the dynamic resist-
ance ratio formula are compared with the numerical simula-
tion test results.

The hydraulic characteristics of the pulse assembly at 
the top and bottom dead centres are numerically simulated. 
Since the numerical simulation are mainly aimed at ana-
lyzing the pressure amplitude and the pressure drop of the 
tool, the pressure contour of axial section is drawn, and the 
monitoring surface is selected on the pressure contour of 
up- and downstrokes to calculate the average pressure of the 
surface. As shown in Fig. 6, the pressure monitoring surface 
is divided into five parts.

As shown in Fig. 6, the pressure difference between 
Sects. 2 and 3 is the resistance pressure difference. The 
pressure difference between Sects. 4 and 5 is the minimum 

Table 2  Parameters of structural dimensions of pulse assembly

Case no. d1, mm d2, mm d3, mm d4, mm

1 42.0 20.0 10.0 24.0
2 42.0 22.0 10.0 26.0
3 42.0 24.0 10.0 28.0
4 42.0 26.0 10.0 30.5
5 42.0 28.0 10.0 33.0

Section-1 Section-2 Section-3

Section-4 Section-5

Fig. 6  Pressure monitoring surface of upstroke (upper) and pressure monitoring surface of downstroke (lower)
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overcurrent pressure difference. In addition, the difference 
between the resistance pressure difference and the mini-
mum overcurrent pressure difference is the pressure ampli-
tude value. However, the difference between Sects. 1 and 2 
is used to characterize the overcurrent pressure difference 
between the spacer sleeve and the throttle plate ignored in 
the calculation of the formula. Change the parameters of 
different test models to carry out tests, record the pressure 
values at each section at different sizes, compare the pres-
sure amplitude with the tool pressure drop, and analyze the 
errors.

5  Results and discussion

According to the sorted data, the numerical simulation 
hydraulic parameters in the up- and downstrokes of differ-
ent test groups are shown in Table 3.

Figure 7 shows the pressure amplitude ΔP
w
 obtained by 

formula calculation and numerical simulation and their error 
values for different case. It can be concluded that with the 
increase of the case number, that is, the flow area of the 
throttle plate increases, the pressure amplitude decreases 
significantly from 3.5 to 1.2 MPa, and the two are basically 
inversely proportional. When the overcurrent area increases, 
the piston rod moves to the place where the resistance is 
maximum (top dead centre), the increase of the overcurrent 
area significantly reduces the resistance pressure difference, 
while the minimum overcurrent pressure difference at the 
bottom dead centre decreases to a small extent, thus reduc-
ing the pressure amplitude. By calculating the relative error 
between the numerical simulation value and the formula 
calculation value, the error is less than 9%, which meets the 
engineering calculation requirements. On the one hand, the 
relative error may be caused by the fact that the friction pres-
sure drop along the path was ignored, the overcurrent pres-
sure difference between the spacer and the throttle plate also 
be ignored. On the other hand, it is due to the calculation 
error caused by the discrete method in the numerical steady-
state simulation. Therefore, in order to solve the problems 
of small pressure amplitude and weak axial vibration effect 
of the tool, it is necessary to design a small-sized piston rod 

and throttle disc to achieve the effects of reducing overcur-
rent resistance and increasing pressure amplitude.

Figure 8 shows the variation of tool pressure drop ΔPt 
with the size of piston rod and throttle plate for different 
test groups. It can be found that the pressure drop of the 
tool decreases from 3.6 to 2.0 MPa with the increase of the 
size of the piston rod and throttle plate, and the result data 
obtained by formula is slightly different with that of the CFD 
simulation, but the error is very small and do not exceed 
3%. The fact is because when the size of the tool increases, 
the flow area at the throttle plate increases and the pressure 
drop caused by pressure fluctuation decreases, while the jet 
pressure drop remains unchanged, so the pressure drop of 
the tool decreases. Therefore, by designing a large-sized pis-
ton rod and throttle plate, the pressure drop of the tool can 
effectively reduce, thus solving the problem of large pressure 
drop of the tool at present.

Table 3  Hydraulic parameters of upstroke–downstroke numerical 
simulation

Case no. ΔP
1
 , MPa ΔP

2
 , MPa ΔP

w
 , MPa ΔP

t
 , MPa

1 0.59 4.08 3.48 3.59
2 0.42 3.70 3.29 3.31
3 0.25 3.04 2.79 2.89
4 0.14 2.09 1.94 2.37
5 0.11 1.52 1.41 2.07
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Fig. 7  Variation of pressure amplitude ΔP
w
 with model size
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According to the above analysis, large-sized tools can 
effectively reduce the pressure drop of tools, while small-
sized tools can increase the pressure amplitude and improve 
the vibration effect. Therefore, the size of tools can be 
selected according to the needs of the site during site con-
struction. When the ground pump is depressed, large-sized 
tools can be appropriately selected to reduce the pressure 
drop of tools. When the ROP is low, select a small-sized 
tool appropriately and increase the pressure amplitude, thus 
improving the ROP of the tool. The recommended selection 
table is shown in Table 4.

6  Conclusion

Based on the analysis of the structure and working principle 
of the jet-type pulse assembly, the mechanical analysis is 
carried out for the up- and downstroke, and five groups of 
jet pulse assembly with different parameters are selected for 
the up- and downstroke steady-state numerical simulation, 
and the following conclusions are obtained:

1. The piston rod can stably descend under the action of 
jet power and throttle plate load power during the down-
stroke of the jet pulse assembly. During the upstroke, 
both the jet power and the load resistance of the throttle 
plate are received, so the power must not be less than the 
resistance for stable work.

2. The formula of dynamic resistance ratio has been 
derived. The force and resistance of the piston rod 
during the upstroke are proportional to its acting area. 
While reducing the area of the piston rod end, the resist-
ance can reduce and the jet power can be increase effec-
tively.

3. The errors of numerical simulation and formula calcu-
lation are within the allowable range of engineering, 
which verifies the correctness of theoretical analysis. 
According to the numerical simulation, the pressure 
amplitude and the pressure drop of the tool decrease 
while the size of the tool increases, and the type selec-
tion of the tool should be carried out according to the 
actual use on site.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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