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Abstract: The combination of the hydraulic impactor and positive displacement motor (PDM) is
becoming more and more popular in drilling engineering. However, the negatives of the PDM on
the impactor cannot be ignored. To improve the performance of the technique, the influence of
fluid pulsation from the PDM on the hydraulic impactor was studied first; then, the structure of the
impactor was optimized to improve its impact force; finally, field tests were carried out in 2 wells
in the shallow formation. The results indicate that the fluid fluctuation generated in the PDM can
restrain the performance of the impactor, and that the impact force can be increased by 24.4% to
28.6% through the optimization of design. Field tests show that this technique can further improve
the drilling efficiency and rotating stability of the polycrystalline diamond compact bit, and that
the rate of penetration and bit footage increase by 32.5% and 34.6%, respectively. In the study, the
effect of inlet fluid fluctuation on the performance of the hydraulic impactor was studied using the
computational fluid dynamics method. This is unlike other studies that have mostly considered the
inlet fluid as a steady flow. Furthermore, the performance of the combine used of the impactor and
PDM can be improved through structural optimization.

Keywords: hydraulic impactor; positive displacement motor; drilling efficiency; rate of penetration;
bit footage

1. Introduction

The drilling cost is the key to the investment efficiency of oil and gas exploration and
development. There are many factors affecting the drilling cost, among which the time
of the drilling cycle plays a pivotal role in the total drilling cost. Improving the rate of
penetration (ROP) is the most effective way to shorten the time of the whole drilling cycle.
However, it is always a challenge to drill for oil and gas in complex formations of onshore
deep wells [1–3].

Generally, the vertical depth of deep wells is over 6000 m, and that of ultra-deep
wells is over 8000 m. Western China is one of the main areas in the world where deep
and ultra-deep wells are distributed. These range in depth from 7300 to 8600 m [4,5].
Although the rock of the Triassic and its upper strata are less difficult to drill, the average
section is over 3000 m. Various formations are encountered during the drilling process;
therefore, the reliability and service life of drilling tools are required to be high. In the
past, engineers preferred positive displacement motor (PDM) for shallow drilling, but the
actual drilling situation shows that the use of the PDM to complete the drilling section
often takes 2–3 times exceeding the design expectations. In order to further shorten drilling
time, high-efficiency drilling techniques need to be developed [6].

The PDM method is one of the revolutionary technologies in the petroleum industry,
and it is a mature technology in conventional drilling [7]. PDM is driven by drilling fluid,
which is powered by the continuous high- and low-pressure conversion between the stator
and the rotor. The drilling fluid flows in the pressure cavities of the PDM to drive the bit to
rotate; therefore, there is a certain fluctuation in the outlet flow of the PDM that affects the
working characteristics of the other tools.
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The PDM increases the rotary speed of the bit to a fairly high level, thereby improving
the cutting efficiency of the bit. Besides, sufficient cutting depth is also needed to achieve
high rock-breaking efficiency. The most effective way to increase the cutting depth of the
bit cutter is to apply pressure to the bit, with the exception of increasing the weight of bit
(WOB). The relationship between cutting force and rock breaking was studied Based on
the theory of the metal cutting model [8]. Researchers [9,10] found that the cutting depth
increases obviously with the increase in the impact load. A linear relationship was detected
between the forces and the cutting depth of shallow cutting. When the cutting depth is
greater than a certain value, the rock-breaking speed increases rapidly and enters into a
different mode. Studies [11–13] of rock fracture mechanics show that impact loads can
improve the rate of crack growth, which is the important difference between an impact
load and a static load. The impact load can easily enter into the second rock-breaking mode,
which is the rapid rock-breaking mode. Therefore, using hydraulic energy to directly drive
downhole tools to emit periodic axial impact force without improving the capability of
surface equipment is an effective way to improve drilling performance.

The new drilling technology [14–20], which combines the drill bit, PDM, and hydraulic
impactor, was put forward from two aspects of improving bit rotation speed and axial force.
Compared with conventional rotary drilling, this technology can increase cutting speed
and cutting depth at the same time.

However, the fluid pulsation generated by the PDM has a negative effect on the
performance of the impactor. The pressure drop, rotating speed, and torque of the PDM
vary with the WOB, which is almost impossible to maintain as a constant in the actual
drilling process [21–23]. In actual drilling, the WOB and torque are always fluctuating with
time. The dynamic monitoring of pressure shows that the fluctuation frequency of the
pressure is equal to the product of the rotor rotation frequency, and the pressure fluctuation
increases with the increase in the inlet pressure or the output torque of the drill tool. When
the impactor is under PDM, the pressure fluctuation at the outlet of the PDM will affect the
internal flow of the impactor, changing the impact parameters of the impact drilling tool.

Therefore, we analyzed the influence of the fluid pulsation on the working perfor-
mance of the downhole impactor, and the force amplitude could be increased by optimizing
the structure of the impactor. Firstly, we introduced the structure and working principle
of an impactor, as well as some issues that may arise when using it in conjunction with
a PDM. Then, we established the fluid domain of the impactor and provided reasonably
appropriate boundary conditions. Using the computational fluid dynamics method, we
simulated the impact force results at different inlet flow amplitudes and frequencies. We
analyzed the impact of the inlet flow on the impactor and subsequently improved the
impact performance by optimizing the geometric structure of the impactor. Field tests were
carried out in two wells to evaluate the drilling performance by comparing the average ROP
and bit footage with adjacent wells in shallow strata. Finally, in Section 5, we presented
the conclusions of this study and explored the potential application of this technology in
directional wells.

2. Hydraulic Impactor

The hydraulic impactor is mainly composed of an upper sub, a high jet nozzle, a
hydraulic hammer, a rollaway nest, and a lower sub. The drilling fluid flows through the
nozzle and acts on the upper end of the hammer, generating a periodic high-frequency
axial dynamic force. The cutting depth of the polycrystalline diamond compact (PDC)
cutter increases because of the axial impact force, and the damaged area of rock increases,
and so the broken volume increases. Besides, the impact load can increase the volume of
rock fragmentation near the front face of the cutter, resulting in a decrease in the overall
strength of the rock.

When the downhole impactor is used with the PDM, the bottom hole assembly (BHA)
is usually designed as follows: bit + hydraulic impactor + PDM + drill collar, as shown in
Figure 1.
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Figure 1. BHA of combined use of PDM and hydraulic impactor.

The impact load changed the rock breaking of PDM drilling mode into the combined
mode of high-speed cutting and impact fragmentation. The impact load increases the
cutting depth and causes an increase in cutting resistance. If the cutting force of the bit
is insufficient, it is easy to cause the stick–slip vibration of the bit. When the rotation
speed of PDM is too high, the rock impact hole density is low, and the impact depth
is shallow, meaning that the rock-breaking efficiency is low. Based on the analysis, the
low-rotating-speed and high-torque PDM should be used in combination with downhole
percussion tools.

3. Optimization of Hydraulic Impactor
3.1. Numerical Simulation Method

(1) Numerical model

Fluent was used to simulate the fluctuation of the fluid flowing through the self-excited
oscillating cavity with a constant flow velocity and different fluctuating flow velocities.
The fluid domain of the force generation mechanism mainly consists of the nozzle domain,
oscillation cavity domain, and hammer cavity domain, as shown in Figure 2. In order
to save computational time, a two-dimensional structure was used for the simulation, as
shown in Figure 3.
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(2) Computational fluid dynamics method

The first step in this method is filtering by dividing all flow variables into large-scale
quantities and small-scale quantities. A(x, t) is any instantaneous flow variable, and its
large-scale quantity can be represented by a weighted integral over the next physical spatial
region.

A(x, t) =
∫

G(
∣∣x− x′

∣∣A(x′, t
)
)dV′ (1)

where,
∫

G(|x− x′|) is the filtering function.
The governing equation is as follows:

∂

∂t
(
ρVi
)
+

∂

∂xj

(
ρViVj

)
= − ∂p

∂xi
+

∂

∂xi

(
µ

∂Vi
∂xj

)
+

∂τij

∂xj
(2)

The equation for the instantaneous state is as follows:

∂ρ

∂t
+

∂

∂xj

(
ρVj
)
= 0 (3)

The quantity with an overline represents the filtered field variable, where

τij = −ρViVj + ρViVj (4)

The variable τij is defined as the subgrid-scale stress (SGS), which represents the
influence of small-scale vortex motion on the solved motion equations. The subgrid-scale
stress is

τij = 2µtSij −
1
3

τkkδij (5)

where µt is the subgrid-scale turbulent kinetic viscosity, and can be expressed as:

µt = (Cs∆)2∣∣S∣∣ (6)

where

Sij =
1
2

(
∂Vi
∂xj

+
∂Vj

∂xi

)
(7)

∣∣S∣∣ = (2SijSij)
1/2 (8)

∆ = (∆x∆y∆z)
1/3 (9)
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∆i represents the grid size along the i axis direction, Cs is a constant in the subgrid-scale

model, Cs =
1
π

( 3
2 CK

)3/4
, when CK = 1.5, CS = 0.17. CK = 1.5, Cs = 0.17.

In practical applications, the near-wall region is corrected using Equation (10).

Cs = Cv0

(
1− ey∗/A∗

)
(10)

where y∗ is the distance to the nearest wall, A∗ is a semi-empirical constant, and Cv0 is Van
Driest constant.

(3) Inlet fluid fluctuation parameters.

To determine the frequency of inflow fluctuations, the frequency of flow fluctuations
at the exit of the PDM is calculated by using the following equation:

fluctuation frequency = rotor rotation frequency × (the number of rotor blades + 1) (11)

Table 1 lists the parameters of a certain type of PDM with an outer diameter of 197mm.

Table 1. Operation parameter of PDMs.

PDM Type Recommended
Flow Rate (L/s)

Rotational
Speed (rpm)

Maximum
Torque (N·m)

Output Torque
(N·m)

LZ197x7.0L-6-840 7.75–15.50 139–277 1814 1366
4LZ197x7.0L-840 17.00–34.00 85–170 10,367 7340

5LZ197x7.0L-4-840 18.55–37.08 79–158 6700 5022
5LZ197x7.0L-5-840 18.55–37.08 79–158 8866 6277
5LZ197x7.0L-6-840 18.55–37.08 79–158 10,640 7533
9LZ197x7.0L-4-840 21.12–42.23 72–145 8315 6260
7LZ197x7.0L-5-840 20.50–41.00 75–150 10,197 7220

C9LZ197x7.0L-4-1050 25.17–50.47 67–135 12,743 9022

Based on the parameters of the PDM, the fluctuation frequency under the flow rate
condition is calculated and presented in Table 2. From Table 2, it can be observed that
the fluctuation frequency of the exit flow rate of the PDM is much lower than 500 Hz.
Therefore, its response amplitude increases after passing through the impactor. However,
the influence of the PDM’s exit flow rate fluctuation on the double-stage oscillation chamber
is still not clear. Hence, it is necessary to conduct research in this area.

Table 2. Frequency fluctuation of outlet of PDM.

PDM Type Fluctuation
Frequency/Hz PDM Type Fluctuation

Frequency/Hz

LZ197x7.0L-6-840 4.6~9.2 5LZ197x7.0L-6-840 7.9~15.8
4LZ197x7.0L-840 7.1~14.2 9LZ197x7.0L-4-840 12~24.2

5LZ197x7.0L-4-840 7.9~15.8 7LZ197x7.0L-5-840 10~20
5LZ197x7.0L-5-840 7.9~15.8 C9LZ197x7.0L-4-1050 11.2~22.5

Several other key pre-processing settings are:

(1) The properties of drilling fluid in the actual drilling environment were considered
in the simulation. Thus, the fluid medium is set as water, but the density is set as
1.2 g/cm3, which belongs to compressible fluid.

(2) The inlet of the self-oscillation cavity was regarded as the velocity inlet, which simu-
lates the situation with and without considering the PDM. Based on the application
experience, the drilling fluid flow rate is 30 L/s, and the velocity condition is 3.57 m/s
when the entrance of the self-oscillation cavity is not considered. When the PDM is
considered, the entrance velocity is:
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v = 3.57 + Asin(B·2πt) (12)

where 3.57 m/s is the average value of flow velocity; A is the fluctuating amplitude, ranging
from 0.1 to 0.2 m/s; and B is the fluctuating frequency, ranging from 10 to 20 Hz.

(3) The exit boundary of the self-oscillation cavity was set at atmospheric pressure of
101.3 kpa, the fluid wall used the wall function method condition, and the solid
surface used the non-slip boundary condition.

(4) The SIMPLE algorithm was used to solve the equations of pressure and momentum,
turbulent dissipation rate, and turbulent kinetic energy. The SIMPLE algorithm,
also known as semi-implicit method for pressure-linked equations, was proposed by
Patankar and Spalding in 1972. The simplicity, stability, convergence, and versatility of
the SIMPLE algorithm make it one of the commonly used methods in computational
fluid dynamics.

3.2. Influence of Fluid Pulsation

Figure 4 shows the pressure and velocity distribution of the impact generator without
fluid pulsation. The fluid flows through the nozzle and generates a high-speed jet, creating
a pressure drop between the inlet and outlet of the hammer. The pressure drop can
drive the hammer’s upward movement until the hammer outlet is blocked. As the fluid
continues to flow in, the pressure continues to rise until the hammer is pushed out. So,
reciprocating, the hammer produces periodic motion. In order to study the effect of fluid
pulsation, flow simulation was carried out at different flow velocities according to the same
simulation method.
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First, the force results of the impactor were simulated without any interference from
the PDM to serve as a reference for comparison with other simulation results. Figure 5
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shows the result of force fluctuation without considering the disturbance of the PDM. The
average value of the impact force on the bearing surface is 7181 N, and the fluctuation
amplitude of the impact force is 5564 N.

Processes 2023, 11, x FOR PEER REVIEW 7 of 15 
 

 

Figure 4. Distribution of the impact generator without fluid pulsation. 

First, the force results of the impactor were simulated without any interference from 
the PDM to serve as a reference for comparison with other simulation results. Figure 5 
shows the result of force fluctuation without considering the disturbance of the PDM. The 
average value of the impact force on the bearing surface is 7181 N, and the fluctuation 
amplitude of the impact force is 5564 N.  

By analyzing the variation of internal pressure inside the impact hammer over time, 
one can determine the axial motion characteristics of the hammer. When the average value 
is larger, the impact energy is greater. After a certain period of acceleration, the hammer 
can achieve a higher initial impact velocity. Similarly, the larger the amplitude of pressure, 
the greater the energy obtained by the impact hammer. However, the impact force results 
are stochastic, and this irregular characteristic has a detrimental effect on the stability of 
the hammer’s motion. Therefore, in the analysis and simulation, it is essential to assess the 
dispersion of the impact force. We aim to increase the average value and amplitude of the 
impact force while reducing its dispersion. 

 
Figure 5. Pressure fluctuation without PDM. 

Figure 6 shows that the force curves at different inlet velocities display stochastic 
features. In this case, Figure 6a–c represent the results at different frequencies with a fixed 
amplitude of 0.1 m/s, and Figure 6d–g as well as Figure 6h–j represent the results at dif-
ferent frequencies with amplitudes of 0.15 m/s and 0.2 m/s, respectively. 

The interaction of factors such as inertia, viscosity, density, velocity, and other factors 
in fluids form different flow structures. These continuously change over time and interact 
with the shape and boundary conditions inside the impeller. The complexity and instabil-
ity of this fluid motion lead to irregular fluctuations in fluid pulsating pressure.  

The stochastic nature of the impact force results makes it difficult to obtain useful 
information solely from the time-based force results. In order to gain meaningful insights 
and understand the behavior of the impactor, further analysis and processing of the data 
are necessary. Statistical methods, signal processing techniques, and other analytical ap-
proaches can be employed to extract relevant information, identify patterns, and charac-
terize the impactor’s performance more effectively. These additional analyses can provide 
valuable insights into the impactor’s behavior, stability, and overall performance. 

Figure 5. Pressure fluctuation without PDM.

By analyzing the variation of internal pressure inside the impact hammer over time,
one can determine the axial motion characteristics of the hammer. When the average value
is larger, the impact energy is greater. After a certain period of acceleration, the hammer
can achieve a higher initial impact velocity. Similarly, the larger the amplitude of pressure,
the greater the energy obtained by the impact hammer. However, the impact force results
are stochastic, and this irregular characteristic has a detrimental effect on the stability of
the hammer’s motion. Therefore, in the analysis and simulation, it is essential to assess the
dispersion of the impact force. We aim to increase the average value and amplitude of the
impact force while reducing its dispersion.

Figure 6 shows that the force curves at different inlet velocities display stochastic
features. In this case, Figure 6a–c represent the results at different frequencies with a
fixed amplitude of 0.1 m/s, and Figure 6d–f as well as Figure 6h–j represent the results at
different frequencies with amplitudes of 0.15 m/s and 0.2 m/s, respectively.

The interaction of factors such as inertia, viscosity, density, velocity, and other factors
in fluids form different flow structures. These continuously change over time and interact
with the shape and boundary conditions inside the impeller. The complexity and instability
of this fluid motion lead to irregular fluctuations in fluid pulsating pressure.

The stochastic nature of the impact force results makes it difficult to obtain useful in-
formation solely from the time-based force results. In order to gain meaningful insights and
understand the behavior of the impactor, further analysis and processing of the data are nec-
essary. Statistical methods, signal processing techniques, and other analytical approaches
can be employed to extract relevant information, identify patterns, and characterize the
impactor’s performance more effectively. These additional analyses can provide valuable
insights into the impactor’s behavior, stability, and overall performance.

Table 3 shows the mean value and amplitude of the impact force at different inlet
velocities. The mean force produced by the fluctuation of the flow rate at the entrance of
the self-oscillation cavity is increased, but the amplitude of the impact force is smaller than
that of the constant flow rate at the entrance of the cavity.
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Table 3. The results of impact force at different velocity conditions.

Flow Factor
Mean Value/(N) Amplitude/(N)

A/(m/s) B/(Hz)

0 0 7181 5564
0.1 10 7460 4664
0.1 15 8467 5132
0.1 20 8542 5386

0.15 10 7691 5033
0.15 15 7487 5144
0.15 20 8811 4974
0.2 10 7968 5470
0.2 15 7154 4638
0.2 20 7782 5079

Figures 7–9 show the distribution of impact value results under different input am-
plitude (A) and frequency (B) conditions. As the fluctuation frequency of the inlet fluid
increases, the impact values become more scattered, and the median and upper quartile
values increase. On the other hand, as the fluctuation amplitude of the inlet fluid increases,
there is a tendency for the dispersion of the impact values to decrease, and the median and
upper quartile values show a downward trend.

The fluctuation frequency of the inlet fluid has an influence on the fluid impact force.
The fluctuation frequency of the inlet fluid being close to or similar to the resonant frequency
of the system increases the amplitude of the fluid impact force. This is because, at the
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resonant frequency, the fluctuation of the inlet fluid interacts with the system’s inherent
vibration frequency, resulting in an enhancement of the impact force. However, when the
fluctuation frequency of the inlet fluid does not match the resonant frequency of the system,
the impact on the impact force may be smaller.

Processes 2023, 11, x FOR PEER REVIEW 9 of 15 
 

 

there is a tendency for the dispersion of the impact values to decrease, and the median 
and upper quartile values show a downward trend. 

The fluctuation frequency of the inlet fluid has an influence on the fluid impact force. 
The fluctuation frequency of the inlet fluid being close to or similar to the resonant fre-
quency of the system increases the amplitude of the fluid impact force. This is because, at 
the resonant frequency, the fluctuation of the inlet fluid interacts with the system’s inher-
ent vibration frequency, resulting in an enhancement of the impact force. However, when 
the fluctuation frequency of the inlet fluid does not match the resonant frequency of the 
system, the impact on the impact force may be smaller. 

The fluctuation of the inlet fluid can cause the conversion of the kinetic energy and 
potential energy of fluid molecules, resulting in a certain degree of flow energy loss. When 
the amplitude of the inlet wave is large, the impact of the inlet fluid fluctuation on energy 
loss is significant, which reduces the impulsive performance of the diffuser. The results 
show that the inlet flow fluctuation suppresses the effect of hydraulic oscillation and re-
duces the amplitude of impact force fluctuation. 

  
Figure 7. Box plot of impact amplitude at different frequencies when the input amplitude is 0.1 m/s. 

 
Figure 8. Box plot of impact amplitude at different frequencies when the input amplitude is 0.15 
m/s. 

Figure 7. Box plot of impact amplitude at different frequencies when the input amplitude is 0.1 m/s.

Processes 2023, 11, x FOR PEER REVIEW 9 of 15 
 

 

there is a tendency for the dispersion of the impact values to decrease, and the median 
and upper quartile values show a downward trend. 

The fluctuation frequency of the inlet fluid has an influence on the fluid impact force. 
The fluctuation frequency of the inlet fluid being close to or similar to the resonant fre-
quency of the system increases the amplitude of the fluid impact force. This is because, at 
the resonant frequency, the fluctuation of the inlet fluid interacts with the system’s inher-
ent vibration frequency, resulting in an enhancement of the impact force. However, when 
the fluctuation frequency of the inlet fluid does not match the resonant frequency of the 
system, the impact on the impact force may be smaller. 

The fluctuation of the inlet fluid can cause the conversion of the kinetic energy and 
potential energy of fluid molecules, resulting in a certain degree of flow energy loss. When 
the amplitude of the inlet wave is large, the impact of the inlet fluid fluctuation on energy 
loss is significant, which reduces the impulsive performance of the diffuser. The results 
show that the inlet flow fluctuation suppresses the effect of hydraulic oscillation and re-
duces the amplitude of impact force fluctuation. 

  
Figure 7. Box plot of impact amplitude at different frequencies when the input amplitude is 0.1 m/s. 

 
Figure 8. Box plot of impact amplitude at different frequencies when the input amplitude is 0.15 
m/s. 

Figure 8. Box plot of impact amplitude at different frequencies when the input amplitude is 0.15 m/s.

The fluctuation of the inlet fluid can cause the conversion of the kinetic energy and
potential energy of fluid molecules, resulting in a certain degree of flow energy loss. When
the amplitude of the inlet wave is large, the impact of the inlet fluid fluctuation on energy
loss is significant, which reduces the impulsive performance of the diffuser. The results
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show that the inlet flow fluctuation suppresses the effect of hydraulic oscillation and
reduces the amplitude of impact force fluctuation.
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3.3. Optimized Results

To reduce the negative influence of the PDM on the impactor, the structure of the
self-oscillation cavity was optimized. The analysis was conducted based on the optimal
structure at the constant flow rate. The main factors affecting the amplitude of impact force
were the cavity length (L1), the cavity diameter (D4), and the cavity length (L2). In order
to comprehensively analyze the influence of these geometry factors on the output impact
force, the orthogonal test method was adopted, and the test factors are shown in Table 4.
The L9(3)3 orthogonal table was used to carry out the experiment, and 9 sets of experiments
were needed to simulate the flow field of 9 sets of tools with different sizes.

Table 4. Orthogonal table of cavity structure.

No. D4/(mm) L1/(mm) L2/(mm)

1 62 91 31
2 62 95 35
3 62 99 39
4 66 95 39
5 66 99 31
6 66 91 35
7 70 99 35
8 70 91 31
9 70 95 39

Compare values 66 95 35

Figures 10 and 11 show the comparison of the performance parameters of the impactor
before and after optimization. Under the condition of the same inlet flow fluctuation, the
impact force output obviously increases after the cavity geometry has been optimized, as
shown in Table 5. The results show that the median and upper quartile values of the impact
force increase by 28.6% and 24.4%, respectively.
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Table 5. Comparison of valve structure parameters before and after optimization.

/ D1/(mm) D2/(mm) D3/(mm) L1/(mm) D4/(mm) L2/(mm) D5/(mm) Median
Force/(N)

Upper Quartile
Force/(N)

Before 32 24 96 95 66 35 43 7029 9471
After 32 24 96 95 70 39 43 9038 11,785

4. Field Tests

The shallow strata of the experiment block include Neogene, Paleogene, Cretaceous,
Jurassic, and Triassic strata. The drillability grade ranges from 4.1 to 5.8, other mechanical
parameters are detailed in Table 6. The average length of this section is over 3000 m, and
the severe vibration, which often occurs in the drilling process, seriously affects the service
life of the bit and PDM.
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Table 6. Rock mechanical parameters of the test block.

Well Section/m Density/(g·cm−3) Shear Modulus/GPa µ Uniaxial Compressive Strength/MPa

3000~4800 2.19 81.0 0.23 40.02

In the field tests, the drilling parameters need to be adjusted according to the working
characteristics of the PDM and impactor. The main energy of the impactor comes from the
fluid energy of drilling fluid, and so the normal work of the tool needs enough displacement
as a guarantee. For the 9 1/2” downhole hammer used, the drilling fluid displacement
cannot be less than 50 L/s. In addition, in order to achieve the best rock-breaking effect of
the percussive, the weight of bit (WOB) should exceed the threshold. To further improve
ROP, it is necessary to adjust the WOB flexibly according to torque variation. For example,
the operator is suggested to increase the WOB when the torque fluctuates slightly and
decrease the WOB when the torque fluctuates dramatically.

Two well tests were carried out in western China. The test wells were all 311.5 mm
straight holes and we acquired cumulative footage of 6633 m. The average ROP and single
trip footage were 20.8 m/h and 3316.5 m, respectively. The outer diameter of the downhole
percussion was 245 mm. The results of the drilling parameters are shown in Table 7.

Table 7. Drilling parameters of test wells.

Well Bit Type Well
Section/m Density/(g·cm−3) WOB/kN RPM/(r·min−1) Flow

Rate/(L·s−1)
Bit

Footage/m Drilling Time/h ROP/(m·h−1)

Well-1 SF56H3 1104~4341 1.27 100 50 + PDM 47 3237 175 18.5
Well-2 SI516MHBPX 1221~4617 1.25 80 60 + PDM 55 3396 143.7 23.63

The drill string assembly for the test wells is as follows:

(1) Well 1: Φ311.2mm PDC bit + Φ245 mm Impactor + Φ244 mm PDM + Φ203 Non-
magnetic drill collar (MWD) + Φ309 mm Stabilizer + Φ203 mm Drill collar + Joint
(NC61 × NC56) + Φ178 mm Drill collar + 410 × DS55 + Φ139.7 mm Drill pipe;

(2) Well 2: Φ311.2mm PDC bit + Φ245 mm hydraulic impactor + PDM + Joint (731 ×
NC560) + Φ228.6 mm Drill collar + Φ308 mm Stabilizer + Joint (NC561 × 630) +
Φ203 mm Non magnetic drill collar (MWD) + Joint (631 × NC560) + Φ203 mm Drill
collar + Joint (NC561 × 520) + Φ139.7 mm Heavy weight drill pipe + Joint (521 ×
DS550) + Φ139.7 mm Drill pipe.

The average ROP of the adjacent wells in the same block was calculated and compared
with the test wells. In Figures 12 and 13, the total footage of drilling above the Triassic
was 13,853 m, the ROP range was 12.6–19.9 m/h, and the average single trip footage was
2309 m.
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The ROP of Well-1 and Well-2 increased, respectively, by 20.6% and 54% compared
with that of the adjacent wells, and the average ROP of the two test wells increased by
35.2%. On the other hand, the average footage of a single trip was the highest, which was
43.6% higher than that of the adjacent wells on average. For Well-1 and Well-2, the results
are 40.2% and 47.1%, respectively.

5. Conclusions

In the study, we analyzed the influence of PDM treatment on the hydraulic impactor,
optimized the nozzle structure of the impactor, and introduced the field tests of the com-
bined technology. The following conclusions can be drawn.

(1) The fluid pulsation of the PDM has a negative effect on the performance parameters
of the hydraulic impactor. As the fluctuation frequency of the inlet fluid increases,
the impact values become more scattered, and the median and upper quartile values
increase. On the other hand, as the fluctuation amplitude of the inlet fluid increases,
there is a tendency for the dispersion of the impact values to decrease, and the median
and upper quartile values show a downward trend. The negative effect of inlet fluid
fluctuation can be eliminated by optimizing the hydraulic structure of the impactor.
The median and upper quartile values of the impact force increase by 28.6% and
24.4%, respectively.

(2) Two field tests are carried out in 2 wells in the shallow formation. The results indicate
that the fluid fluctuation generated in the PDM can restrain the performance of the
impactor and that the impact force can be increased by 24.4% to 28.6% through
optimization design. The field tests also show that this technique can further improve
the drilling efficiency and rotating stability of the polycrystalline diamond compact
(PDC) bit, and the rate of penetration (ROP) and bit footage increase by 32.5% and
34.6%, respectively.

(3) In future research, we suggest focusing research on the optimization of bit and drilling
parameters with the aim of popularizing and applying this novel technique.

(4) This technique has the potential for application in directional wells. In conventional
PDM directional drilling processes, issues like drag and unstable toolface are often
encountered. By placing the impactor below the PDM, it can improve drilling speed
and drilling stability, thus offering the prospect of reducing drag and stabilizing
the toolface.
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