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Abstract

Hydraulic oscillator is one of the effective tools to solve the problem of high friction in directional drilling and horizontal drilling. However, 
there are some problems with this kind of tools such as high pressure loss and insufficient vibration force. Because of its self-excited oscillation 
characteristics, pulse oscillation amplifier can realize the amplification of pulse jet pressure under the condition of lowpressure loss, which is one of 
the effective ways to solve the above problems of hydraulic oscillator. In this paper, according to the working characteristics of hydraulic oscillator 
and the demand of pulse amplification, the structure of pulse oscillator amplifier was optimized based on numerical simulation method. Firstly, the 
geometric and numerical models of the pulse oscillator amplifier were constructed, and the flow field distribution and pulse amplification effect of 
the pulse oscillation amplifier under different structural parameters were simulated and analyzed, and the influence of different structural param-
eters on the pulse amplification effect was explored. Secondly, the structure of the pulse oscillator amplifier was optimized by Response Surface 
Method, and the optimal structure based on the effect of outlet pressure amplification was obtained: upper nozzle diameter D1=22mm, upper nozzle 
length L1=26mm, lower nozzle diameter D2=28mm, lower nozzle length L2=28mm, cavity length L=58mm, cavity diameter d=80mm, angle 60°. Its 
pressure loss was 0.3MPa and outlet pressure peak value was 4.5MPa, which was 1.8 times of the inlet pressure peak value of 2.5MPa. Finally, the 
minimum relative error between the experimental results and the numerical simulation results was 4%, which has verified the credibility of the 
numerical simulation and structural optimization results.
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Introduction

With the acceleration of unconventional oil and gas explora-
tion and development process, the drilling of horizontal wells ac-
counts for about 70% of the total number of drilling in the world, 
and the length of horizontal section is increasing year by year.1 In 
the process of long horizontal section drilling, with the increase of 
well deviation angle and open hole section length, problems such 
as increased friction, serious overburden pressure and reduced 
ROP are becoming increasingly prominent, which seriously affect 
the well quality and drilling cycle.2 By modulating the hydraulic 
pulse, the hydraulic oscillator uses the hydraulic energy to make 
the drill string vibrate axially, so as to reduce the friction during 
the horizontal section drilling, which is one of the effective means  

 
to solve the above problems.3–5 But at present, the tool has the 
problems of high-pressure loss and insufficient vibration force.6 If 
a pulse oscillation amplifier7,8 was added to the hydraulic oscilla-
tor, the self-excited oscillation characteristics of the pulse oscilla-
tion amplifier can be used to amplify the pulse pressure without 
significantly increasing the overall pressure loss of the tool, thus 
improving the vibration force and reducing drag effect.At present, 
the research on the pulse oscillation amplifier mainly focuses on 
the self-excited oscillation mechanism9,10 and numerical simulation 
method.11–14 Scholars have preliminarily proved its self-excited os-
cillation mechanism. On this basis, the point vortex and vortex ring 
numerical simulation models are proposed, which can simulate the 
self-excited oscillation flow field under the actual working condi-
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tions, and become an effective means to study the pulse oscillation 
amplifier. As the structure andsize of the pulse oscillator amplifier 
are the key factors affecting the effect of pulse amplification, the op-
timization design needs to be carried out comprehensively accord-
ing to the working conditions, pulse characteristics and pressure 
amplification requirements of the hydraulic oscillator. Therefore, it 
is necessary to use the numerical simulation and design of experi-
ment methodology to study the influence of structural parameters 
on the pulse amplification effect and pressure loss according to the 
working characteristics and pulse amplification requirements of 
the hydraulic oscillator, so as to optimize the structure of the pulse 
oscillation amplifier with low pressureloss and high pressurization 
effect.

Materials and Methods
Establishment of geometric and mathematical model of 
pulse oscillator amplifier

By analyzing the structure characteristics of the existing self-ex-
cited pulse oscillator amplifier, it is found that the self-excited pulse 
oscillation amplifier is axisymmetric, and the jet distribution is also 
symmetrical.Therefore, the self-excited pulse oscillator amplifier 
can be simplified as a two-dimensional problem on the X-Y plane. 
Figure 1 shows the two-dimensional geometric model and mesh 
generation of the self-excited pulse oscillator amplifier with the 
mesh number of 24199.

The flow mode of self-excited oscillation pulsed jet is turbulent. 
The methods of turbulence numerical simulation include Reynolds 
averaged simulation (RANS), direct simulation (DNS) and large 
eddy simulation (LES)14. Compared with the three simulation 
methods, it is difficult to get the details of the jet pulsation when 
the variables are homogenized in the Reynolds average numerical 
simulation. The direct simulation requires a high level of computer 
processing power, which is generally difficult to meet its require-
ments. However, LES is just between the direct simulation and the 
Reynolds average simulation, and can better describe the pulsa-
tion process of the pulsed jet. Therefore, the large eddy simulation 
method is used to simulate the self-excited oscillation pulse jet, and 
the geometric parameters of the self-excited oscillation cavity are 
optimized by taking the peak velocity of the jet as the monitoring 
index.

In the process of large eddy simulation, in order to simulate the 
large eddy flow field and establish the model of small eddy flow 
field, it is necessary to separate the large eddy flow field and the 
small eddy flow field through filtering processing. In large eddy 
simulation, the instantaneous flow variables are decomposed into 
large-scale and small-scale variables, which can be represented by 
weighted integrals in physical regions. After filtering, the velocity in 
the large eddy is decomposed into the sum of filtration velocity and 
its deviation, that is, the sum of large-scale component and sub grid 
scale component. The large eddy simulation solves the NSE(Navier 
Stokes equations) equations of large-scale flow field with variables.

The BOX filter function used in large eddy simulation is as fol-
lows:

                                                                                                      (1) 

                                        

By filtering the complete N-S equation, the following results are 
obtained:

                                              (2)

                              

                                   (3)

The governing equations are as follows:
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 Where,  modifies the eddy viscosity coefficient of 
smagorinshy model; D represents the attenuation function near the 
wall; and the smagorinshy constant CS=0.1.

Initial and boundary conditions
The structure of the self-excited oscillation cavity is shown in 

Figure 1. The inlet diameter is D1, the cavity diameter is D, the out-
let diameter is D2, and the cone angle of the collision wall is 120°. 
Its working principle is that the pressure oscillation wave is gener-
ated by the reflection of the collision wall, and the oscillation cavita-
tion is generated by the intense pressure oscillation of the fluid, and 
the large structure vortex is generated in the cavity with diameter 
D by the high-speed jet formed at the inlet D1. The cavitation effect 
of the self-excited oscillation cavity is enhanced by the interaction 
of the two vortices.

Figure 1: Two-dimensional geometric model and mesh genera-
tion.
As shown in Figure 2, the inlet pressure value of the pulse os-

cillation amplifier is calculated according to the parameters such as 
the eccentricity of the valve disc channel of the Φ172 hydraulic os-
cillator is 15mm, the eccentric distance of the eccentric flow chan-
nel is 30mm, the diameter of the eccentric flow channel is d=50mm, 
the flow rate is 32L/s, and the valve disc speed is 1500-1800r/min, 
etc., as shown in Figure 3.
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Figure 2: The working state of valve disc of hydraulic oscillator.

Figure 3: Inlet pressure of pulse oscillator amplifier.

Therefore, the boundary conditions are as follows: pressure 
inlet 2.5MPa (periodic change); flow outlet, viscosity is 0.062Pa•s, 
density is1450kg/m3.

Results and Discussion
Preliminary determination of structural parameters

The optimal inlet diameter D1 of the self-excited oscillation 
cavity is calculated according to formula (1). When the pressure 
is 2.5 MPa and the flow rate of the liquid pump is 25L/s, the inlet 
diameter can be calculated by formula (5); according to the exper-
imental and simulation results of relevant researchers,6–10,17 when 
D2/D1=1.2~1.4, L1/D1=0.4~0.7, D/D2=4~8, the pulse effect gen-
erated by self-excited oscillation is the best. Other dimensions are 
matched by structural parameters as shown in Table 1.

                                                                         (5)

 
Table 1: Design ofstructure parameters.

NO.

D1

D2 L D L1 L2 Angle/°

1 26mm 54mm 80mm 26 26 45

2 28mm 56mm 90mm 26 28 60

3 30mm 58mm 100 30 30 75

4 32mm 60mm 110 —— —— 90

5 34mm 62mm 120 —— —— ——

Where q is the jet flow rate, L/min; a is the flow coefficient 
(0.95); D1 is the inlet diameter of the self-excited oscillation cham-
ber, mm; P is the inlet pressure, MPa. Given that the flow rate is 
25L/s and P is 2.5MPa, D1=22mm is calculated by formula (5).

Influence of structural parameters on pressure amplifi-
cation effect

On the basis of the preliminary design of the structure, based 
on the established geometric and mathematical model, the numeri-
cal simulation software COMSOLis used to simulate the pulse oscil-
lation amplifier. The influence of the structural parameters of the 
pulse oscillation amplifier on the amplitude and pressure loss is 
revealed, and the structural parameters are optimized.

Firstly, the pressure amplitude amplification effect of throttling 
pulse is studied, and the influence of different structural parame-
ters on it is analyzed. Take the outlet diameter as an example to 
introduce.The relevant structural parameters are shown in Table 2.

Table 2: Design ofstructure parameters.

NO.

D1=22mm

D2 L D L1 L2 Angle/°

1 26mm 54mm 90mm 26mm 28mm 60

2 28mm

3 30mm

4 32mm

5 34mm

Figures 4–13 show the variation of jet velocity and outlet 
pressure with time when cavity length L=54mm, cavity diameter 
d=90mm, lower nozzle diameter D2=26mm and initial pressure 
P=2.5MPa.

Figure 4: Velocity nephogram at different times when D2=26mm.
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Figure 5: Change of outlet pressure when D2=26mm.

Figure 6: Velocity nephogram at different times when D2=28mm.

Figure 7: Change of outlet pressure when D2=28mm.

Figure 8: Velocity nephogram at different times when D2 
=30mm.

Figure 9: Change of outlet pressure when D2=30mm.

Figure 10: Velocity nephogram at different times when D2 
=32mm.
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Figure 11: Change of outlet pressure when D2=32mm.

Figure 12: Velocity nephogram at different times when D2 
=34mm.

Figure 13: Change of outlet pressure when D2=34mm.

After processing the numerical simulation results, the curve of 
the peak value of the amplifier outlet pressure amplitude with D2 is 
drawn, as shown in Figure 14. When the inlet pressure is constant, 
the peak pressure of self-excited oscillation pulse first increases 
and then decreases. When D2=28mm, the peak pressure has a max-
imum value, and the effect of self-excited oscillation pulse jet is the 

most obvious. The reason for this phenomenon is that the diameter 
of the lower nozzle is too small, and the jet shrinks sharply when it 
enters the cylindrical pipe, resulting in a large energy loss, which af-
fects the velocity of the jet flow out. When the diameter of the lower 
nozzle is too large, it can be seen from the generation principle of 
the self-excited oscillation pulse jet that the difference between the 
upper and lower nozzle diameters is too large to form vortex am-
plification at the outlet of the front nozzle, which leads to the poor 
effect of self-excited oscillation pulse jet.

Figure 14: Variation of outlet pressure amplitude with outlet size 
D2.

Through the analysis of Figure 14 and the velocity nephogram 
under different D2 conditions, it can be seen that when D2 is 28mm, 
the throttling pulse pressure amplification effect is better, and the 
fluctuation form is more regular. Similarly, the effects of different 
cavity diameter, convergence angle, cavity length, upper nozzle 
length and lower nozzle length on pulse amplification effect are 
simulated, as shown in Figures 15–20.

Figure 15: Variation of outlet pressure amplitude with cavity 
diameter D.

Figure 16: Variation of outlet pressure amplitude with angle.
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Figure 17: Variation of outlet pressure amplitude with L.

Figure 18: Variation of outlet pressure amplitude with L1.

Figure 19: Variation of outlet pressure amplitude with L2.

Figure 20: Response diagram of interaction between D2 and D.

It can be seen that L1 and L2 have little effect on the effect of 
outlet pressure amplification, while the diameter of lower nozzle 
D2, the diameter of cavity D and the length of cavity L have greater 
influence.

Optimization design of structure parameters of pulse 
oscillator amplifier

Through the previous study, the following optimal structur-
al parameters can be obtained. That is: D1=22mm, D2=28mm, 
d=80mm, L1=26mm, L2=26~28mm, l=58~60mm, angle 60~75 
degrees.

The Response Surface Method (RSM)15 is used to analyze the 
multi factors. Central composite design (CCD) and box Behnken 
matrix design (BBM) are the most commonly used experimental 
design methods of RSM. Since BBM is suitable for 2~5 factors op-
timization experiments, this paper uses BBM to establish response 
surface optimization model. The experimental design includes 
three factors: D2, D and l, which have three levels respectively. The 
experimental design scheme and response value design factor level 
values are shown in Table 3.

Table 3: Experimental design and response values.

NO.
Design variable parameters Pressure/

MPaD2/mm D/mm L/mm

1 28 90 58 4.1

2 28 80 54 4.1

3 30 80 58 3.9

4 28 100 54 3.52

5 30 90 54 3.4

6 26 90 62 4

7 30 100 58 3.34

8 30 90 62 4

9 26 100 58 3

10 28 80 62 4

11 28 100 62 3.8

12 26 90 54 3.28

13 26 80 58 4.2

Figures 21&22 show the interaction of structural parameters 
on outlet pressure, and each line in the figure represents a gradi-
ent value of pressure. It can be seen from the figure that when D is 
less than 85mm, the larger D2 is, the smaller the outlet pressure is, 
indicating that there is an optimal value. It can be seen from Fig-
ure 21 that when l is at a lower level, the outlet pressure decreases 
with the increase of D2, and when l is greater than 58mm, the out-
let pressure increases with the increase of D2. It can be seen from 
Figure 20 that the outlet pressure increases with the increase of 
D regardless of the cavity length. When D1=22mm, D2 should be 
greater than 28mm, the optimal value of L is 58-62mm, and the op-
timal value of D is greater than 80mm.16–18
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Figure 21: Response diagram of interaction between D2 and L.

Figure 22: Response diagram of interaction between D and L.

Using design expert software to analyze the design scheme and 
response value, the relationship between response value and struc-
tural parameters can be obtained.

P=37.2-0.49D2-0.47D-0.18L+0.008D2D-0.0038D2L+0.0036DL (6)

Figure 23 shows the internal student residual diagram of the 
outlet pressure. It can be seen from the figure that the residual 
points are well distributed near the straight line, which further in-
dicates that the established mathematical model has high reliabil-
ity.

Figure 23: Internally studentized residual value of outlet pres-
sure.

So far, the optimal structure of pulse oscillator amplifier based 
on the effect of outlet pressure amplification can be determined as 
follows:

The upper nozzle diameter D1=22mm, the upper nozzle length 
L1=26mm, the lower nozzle diameter D2=28mm, the lower nozzle 
length L2=28mm, the cavity length L=58mm, the cavity diameter 
d=80mm, and the angle is 60°.

Using the numerical method established above, the optimal 
structure is simulated and calculated. The peak pressure at the out-
let is 4.5MPa, which is 1.8 times of the inlet pressure peak value of 
2.5MPa, and the pressure loss is 0.3MPa.

Experimental verification
Construction of experimental device

According to the test requirements, the experimental device is 
constructed, as shown in Figures 24&25. Experimental equipment 
mainly includes: high pressure pump, fixed bracket, experimental 
tank, pressure gauge, etc. Among them, the rated displacement of 
high-pressure pump is 120L/min.

Figure 24: Experimental prototype.

Figure 25: Experimental device.

Experimental principle
Because the rated displacement of the indoor test device is 

120L/min, it is difficult to realize the simulation condition of the 
actual working flow of 30L/s. according to the Euler similarity prin-
ciple, the actual resonance effect of the prototype can be evaluated 
by using the pressurization effect in the low displacement range 
(experimental conditions), and the accuracy of the numerical simu-
lation results is verified.

According to the Euler similarity principle, the pressure Pe and 
displacement Qe in the experiment should be equal to the pressure 
Pn and displacement Qn in the numerical simulation.

                                                                      (7)
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 It can be seen from the above formula that since the geomet-
ric dimensions, fluid density and displacement in the experimental 
and numerical simulation are consistent, the pressure of the two 
meets the similarity criterion, and the similarity ratio is 1.

Therefore, under the condition of the same discharge capacity, 
the outlet pressure obtained by experimental test and numerical 
simulation meets the similarity criterion, and the similarity ratio is 
1, which can be directly compared and analyzed.

Experimental scheme
The outlet pressure of the prototype with different displace-

ment of 55~90L/min was tested, and the outlet pressure and pres-
surization effect under the same conditions were simulated and 
analyzed by the established numerical simulation method. The nu-
merical model was verified by comparing the experimental and nu-
merical simulation results. It further confirms the credibility of the 
optimal structure and pressurization effect of the pulse oscillator 
amplifier optimized by numerical simulation.

As shown in Figure 26, under the condition of 55~90L/min 
displacement, the experimental test outlet pressure results and nu-
merical simulation results have the same rule, that is, with the in-
crease of displacement, the outlet pressure increases exponentially, 
and the gap between the experimental results and the simulation 
results gradually decreases.

Figure 26: Comparison of experimental data and numerical 
simulation results.

Through calculation, the relative error between experimental 
and simulation results is reduced from 12% to 4% after the dis-
placement is increased from 55 L/min to 90 L/min. it can be seen 
that with the increase of displacement, the experimental results are 
more and more close to the numerical simulation results, which 
verifies the credibility of the optimal structure and pressurization 
effect of pulse oscillator amplifier optimized by numerical simula-
tion in this project.

Conclusion
According to the working characteristics and pulse amplifi-

cation requirements of Φ172 hydraulic oscillator, the geometric 

model, numerical model and boundary conditions of pulse oscilla-
tor amplifier are constructed. The flow field distribution and pulse 
amplification effect of pulse oscillation amplifier under different 
structural parameters are simulated and analyzed, and the influ-
ence law of different structural parameters on pulse amplification 
effect is explored.

The response surface method is used to optimize the struc-
ture of the pulse oscillator amplifier, and the optimal structure 
based on the effect of outlet pressure amplification is obtained: 
the upper nozzle diameter D1=22mm, the upper nozzle length 
L1=26mm, the lower nozzle diameter D2=28mm, the lower nozzle 
length L2=28mm, the cavity length L=58mm, the cavity diameter 
d=80mm, the angle is 60°; the pressure loss is 0.3MPa, the outlet 
pressure peak is 4.5MPa, which is the inlet pressure peak 8 times 
of 2.5MPa.

The minimum relative error between the experimental results 
and the numerical simulation results is 4%, which verifies the cred-
ibility of the numerical simulation and structural optimization re-
sults.
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