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Abstract: The longitudinal vibration of the drill pipe contains considerable energy which can be used
to improve the rock-breaking efficiency during drilling. It is very important to the development of
drilling speed-up tools to have a comprehensive understanding of the energy conversion efficiency
of downhole drill string vibration. In this paper, the characteristics of downhole bit load and
longitudinal vibration of drill string under different conditions were studied in the experiment,
and the analysis method of energy conversion efficiency from drill string vibration to spring potential
energy was proposed. The experimental analysis showed that the fluctuation of the downhole bit load
was reduced by 10%–90% after the spring was installed in the bottom hole assembly. The rotation rate
and the spring elastic stiffness had a significant and positive influence on the fluctuation amplitude
of the downhole bit load. Meanwhile, the longitudinal vibration amplitude and acceleration of the
drill string peaked at the elastic stiffness of 1 kN/mm. The closer the spring position to the drill bit
was, the more severe the longitudinal vibration of the drill string above the spring component was.
The bit load and the rotation rate had a positive influence on the severity of longitudinal vibration.
The analysis of energy conversion efficiency showed that the available mechanical energy range
of the longitudinal vibration of the drill pipe was about 200–420 kW. The work power of the drill
string vibration to the spring component increased sharply and then decreased with the increasing
of elastic stiffness. The energy conversion efficiency came to the optimal value when the elastic
stiffness was between 1 kN/mm and 2 kN/mm. Increasing the rotation rate, keeping the bit load
below 134.5 kN and installing the spring component near the drill bit are beneficial for improving the
energy conversion efficiency of drill string vibration. This paper reveals the main factors affecting
the energy conversion efficiency of drill string vibration and their influencing laws, and determines
the range of WOB, rotation speed, spring position and stiffness to obtain the best energy conversion
efficiency.

Keywords: drill string vibration; dynamic; fluctuation characteristics; conversion efficiency

1. Introduction

In the process of drilling, the longitudinal vibration of drill pipe while breaking rocks
can lead to the fluctuation of downhole bit load, which contributes to the reduction of
the bit life and rock breaking efficiency [1]. Meanwhile, the energy of drill pipe vibration
is quite substantial and the rational utilization of it can not only protect the drill bit but
also convert part of the energy to improve the rock-breaking efficiency [2–5]. Therefore,
in recent years, there are several types of drilling speed-up downhole tools developed
based on the concept of utilization of vibration energy of drill string [6–10]. The typical
ones are the downhole vibration absorption & hydraulic supercharging device and the
vibration-absorbing hydraulic pulse generator [8,9,11]. Their principles are almost identical.
They convert the longitudinal vibration energy of drill string into elastic potential energy
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of the spring through some kind of devices and then convert the elastic potential energy
to high-pressure pulse jet energy to assist rock breaking. Through the field experiments,
their drilling speed-up effects were significant [8,11], which means this kind of tools has
great application prospects.

Through analysis, we can find that the performance of the spring, which is the key
component of this kind of tool, has a great influence on the effects of vibration absorption
and hydraulic supercharging. Meanwhile, the location of the elastic component as well
as drilling parameters can also affect the efficiency of vibration absorption and hydraulic
supercharging. The current research of this kind of tool mainly follows the following
procedures [8,11]: firstly, the downhole tool is developed based on the basic principle of
energy conversion; secondly, test and evaluate the drilling speed-up effects according to
numerical simulation and onsite experiment; lastly, improve the efficiency of vibration
absorption and hydraulic supercharging by adjusting the design of relative components,
the location of elastic component, and drilling parameters. The research and development
cycle is very long, costly and inefficient. Currently, the fluctuation characteristic of bit load
caused by longitudinal vibration of drill pipe has not been understood very well, and the
energy conversion mechanism between drill string vibration and spring potential energy
is complicated [12,13]. If there is no efficient analysis and evaluation methods for energy
conversion efficiency, it is very hard to make the overall optimal design in the design phase,
and it is also not conducive to the development of other tools that use the vibration energy
of drill string to improve the efficiency of rock breaking.

The longitudinal vibration of drill string is a very complex and dynamic process.
Some experimental and simulation studies [14–20] have been conducted to analyze the
dynamic characteristics of downhole drill string. One the one hand, it can be seen from
analysis that the current simulation methods still have the problems such as the simple
model, the large amount of calculation, instability, and error of the results. On the other
hand, the collection of field test data is costly and the data integrity cannot be guaranteed.
Experimental research is a good way to study such dynamic issues. Therefore, in this paper,
through the establishment of laboratory experimental simulation device, the characteristics
of downhole bit load and longitudinal vibration of drill string under different drilling
parameters, spring performance and its installation position were studied. On this basis,
the evaluation method of energy conversion efficiency from drill string vibration to spring
potential energy was established. Through study the main factors affecting the energy
conversion efficiency of drill string vibration and their influencing laws, try to determine
the range of WOB, rotation speed, spring position and stiffness to obtain the best energy
conversion efficiency. It can provide experimental research basis and effective evaluation
methods for rational and efficient utilization of drill string vibration energy.

2. Materials and Methods
2.1. Physical Model and Experimental Principle

A physical model and its experimental principles were established, as shown in
Figure 1, in order to study the characteristics of drill string vibration and downhole bit
load and to analyze the energy conversion efficiency of drill string vibration energy to
elastic potential energy.

The physical model consists of a wellbore, drill string, drill bit, and spring component.
The location of the spring component can be changed according to experimental needs.
Figure 1a,b show the original condition with no spring component and the condition with
a spring component respectively. When the drill string rotates, the interaction between the
drill bit and the downhole rock results in the longitudinal vibration of the drill string.
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Figure 1. Physical model and its experimental principles.

To measure the variations of drill string vibration and downhole bit load under differ-
ent conditions (locations of spring component, drilling parameters, et al.), several sensors
were designed in the experiment. Laser displacement sensor was installed in the inner wall
of the wellbore and was used for the measurement of longitudinal displacement of drill
string. The axial accelerometer was installed in the drill string to monitor the acceleration
variation during the drilling process. The above two sensors can help to study the charac-
teristics of longitudinal vibration of drill string. The pressure pickup was installed at the
bottom of wellbore and was used for the measurement of bit load. It can help to study the
fluctuation characteristics of downhole bit load.

2.2. Experimental Device

To achieve the purpose as shown in Section 2.1, the drill string simulated in the
experiment needs to have the same dynamic characteristics as the actual drill string [21].
In our previous work, the simulated drill string experimental device has been established
and designed to have the same dynamic characteristics as the actual ones [8]. The general
structure of the experimental device is shown in Figure 2 and a photo is shown in Figure 3.

As is shown in Figure 3, the experimental device consists of two main parts: the
vertical part and the horizontal part. In this paper [22], based on the similarity criterion,
the experimental parameters were determined, and the vertical part of the device was used
to study the vertical drilling process.

The onsite parameters of the wellbore and drill string are as follows:
The inner diameter of the wellbore is 215 mm; bottom hole assembly: ϕ215 mm

Bit + ϕ178.8 mm Drill Collar × 2 + ϕ214 mm Stabilizer + ϕ178.8 mm Drill Collar × 4 +
ϕ178.8 mm Drill Collar × 6 + ϕ127 mm Drill Pipe.
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Figure 2. The general structure of the experimental device.

Figure 3. A photo of the experimental device.
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The device was designed according to similarity criterion and was built in 1 to 10 scale
penetrates (model to prototype). It was 15 m high in total and had a 13-m high wellbore
and drill string. The wellbore was fixed on the steel supporting frame by adjustable
nuts, and the drill string was installed in the wellbore by connecting the upper end to
the adjustable speed motor and the lower end to the wellbore bottom. The adjustable
speed motor can drive the drill string to rotate, and the speed range of the motor can be
0–378 r/min. The material of wellbore was plexiglass, which was transparent, and its inner
diameter was 24 mm. The outer diameter of the drill string was 18 mm and its material
was ABS plastic whose stress-strain properties are similar to actual drill pipe materials.
Specifically, the density of this material is 1.10 g/cm3 and the modulus of elasticity is
2.3 GPa. The diagram of the spring component is shown in Figure 4.

Figure 4. The diagram of spring component.

The spring component is a key part of the experimental device. It should have the
function of transmitting the bit load, transmitting torque and converting the longitudinal
vibration energy of the drill string to the spring elastic potential energy during the simulated
drilling process. The length of the spring component was designed to be 0.4 m, and its outer
diameter was 18 mm. The torque transfer joint was used to connect the upper drill string
and transfer torque through the protective sleeve to the lower drill string. The protective
sleeve and the torque transfer joint can reciprocate up and down and the cylindrical coil
spring was used to absorb the longitudinal vibration energy of drill string. The lower
conversion joint was used to connect the lower drill string.

2.3. Experimental Parameters

The determination of experimental parameters directly affects the kinematic similarity
between the experimental simulation and the real condition. In our previous work, the re-
lationship between experimental parameters and actual onsite parameters was obtained,
which is shown in Figure 5.
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Figure 5. The relationship between experimental parameters and actual parameters.

In the experiment, the parameters can be determined according to the relationship
shown in Figure 5.

3. Results and Discussion
3.1. Analysis of Fluctuation Characteristics of Downhole Bit Load

Since the current vibration absorption and hydraulic supercharging tools are usually
installed at the bottom hole assembly, so when the spring component is installed near the
drill bit, the fluctuation characteristics of the downhole bit load should be studied first.
And then, the influence of the position of the spring component on the fluctuation char-
acteristics of the bit load are also be analyzed. Using the experimental device established
in Section 2, the variation of the downhole bit load under different conditions of rotation
rate, spring elastic stiffness with or with no spring component was tested. The results are
shown in Figure 6.

In the experiment, the bit load was set as 134.45 kN and the spring component was
installed near the drill bit. According to the analysis, the fluctuation characteristics of the
bit load were significantly different in the two conditions of installing and not installing the
spring component. When the spring component was not installed, the fluctuation of the bit
load was 68–163 kN. In another condition, when the spring component was installed near
the drill bit, the fluctuation of bit load reduced to 16–66 kN. Only in the condition of low
rotation rate and high spring elastic stiffness (R1N7W3L0), can the fluctuation amplitude
of the drill load of two states (with or without spring component) be similar. Under other
experimental conditions, the fluctuation amplitude of the bit load was reduced by 10%–
90% after the spring component was added. Therefore, the factors such as rotation rate
and spring elastic stiffness have a significant influence on the fluctuation characteristics
of downhole bit load. It is necessary to further analyse the specific influence law of
each parameter.
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Figure 6. The variation of the downhole bit load under different conditions.

To effectively evaluate the severity of downhole bit load fluctuation in different
experimental parameters, the average fluctuation amplitude was defined to measure the
severity of the fluctuation. As shown in Figure 7, assuming that there are N cycles of bit
load fluctuation in a fixed period of time (3 s), the difference between the maximum and
minimum of the bit load in any cycle is defined as the amplitude of bit load fluctuation in
that cycle. Then the average bit load fluctuation in a fixed period of time is as follows:

W f =
1
n

n

∑
i=1

(w(i)max − w(i)min) (1)

where, w(i)max is the maximum of bit load in the i cycle, N; w(i)min is the minimum of bit
load in the i cycle, N.

To analyse the decrease of the fluctuation amplitude of bit load after installing the
spring component, the ratio of the fluctuation amplitude of bit load under two conditions
was defined as the damping coefficient SA:

SA =
ws

wns
(2)

where, ws is the fluctuation amplitude of bit load when the spring component is installed, N;
wns is the fluctuation amplitude of bit load when the spring component is not installed, N.
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Figure 7. Diagram of fluctuation amplitude of bit load in a period time.

3.1.1. The Influence of Spring Elastic Stiffness

As shown in Figure 8, both Wf and SA rose with the increasing of elastic stiffness of
spring under different rotation rates. When the rotation rate was at a low level (43 r/min),
the variations of Wf and SA with elastic stiffness were similar. However, when the rotation
rate was at a high level (115 r/min), Wf rose dramatically with the increase of elastic stiffness.
The small elastic stiffness was conductive to control the downhole bit load fluctuation.

Figure 8. The variation of Wf and SA with spring elastic stiffness.

3.1.2. The Influence of Rotation Rate

As shown in Figure 9, Wf rose slightly with the increasing of rotation rate under the
condition of great elastic stiffness (N = 3 kN and N = 5 kN). Wf decreased slightly with
the increase of rotation rate under the condition of small elastic stiffness (N = 0.5 kN).
However, Wf rose dramatically with the increasing of rotation rate when there was no
spring component. It can be seen that the spring component can reduce the fluctuation of
downhole bit load effectively especially under high rotation rate.
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Figure 9. The variation of Wf and SA with rotation rate.

SA decreased linearly with the increasing of rotation rate under different elastic
stiffness. More specifically, when the elastic stiffness was great (N = 5 kN/mm), SA was
more than 1 under conditions when the rotation rates were less than 42.9 r/min. It indicates
that the fluctuation amplitude of bit load became greater when the spring component with
high elastic stiffness (N = 5 kN/mm) was installed under the condition of low rotation rate
(less than 42.9 r/min).

To summarize, the relatively great rotation rate is beneficial to improve the damping
performance of the spring component. Spring with great elastic stiffness is not recom-
mended when the rotation rate is under 42.9 r/min.

3.1.3. The Influence of Downhole Bit Load

As shown in Figure 10, both Wf and SA gradually decreased gradually with the in-
creasing of bit load, which means that greater bit load is beneficial to reduce the fluctuation
of downhole bit load.

Figure 10. The variation of Wf and SA with bit load.

3.1.4. The Influence of the Position of Spring Component

As shown in Figure 11, both Wf and SA gradually rose with the increasing of distance
between the spring component and drill bit. It can be seen that installing the spring
component near the drill bit is beneficial to control the fluctuation of downhole bit load.
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Figure 11. The variation of Wf and SA with the distance between spring and bit.

3.2. Analysis of Longitudinal Vibration Characteristics of the Drill String
3.2.1. The Influence of Elastic Stiffness of the Spring Component

Taking the experimental data as an example, which is under the condition of 134.25 kN
bit load, 115 r/min rotation rate and installing spring near the bit. The variation of
longitudinal motion amplitude and ultimate acceleration of drill string with elastic stiffness
can be obtained, as shown in Figure 12.

Figure 12. The variation of longitudinal motion amplitude and ultimate acceleration of drill string
with elastic stiffness.

According to Figure 12, the longitudinal motion of the drill string had the following
characteristics under different elastic stiffness conditions:

The fluctuation amplitude of longitudinal displacement of the drill string increasing
first and then decreased with the increase of elastic stiffness. When the elastic stiffness of
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spring was small (0.2 kN/mm), the spring component absorbed most of the energy of the
longitudinal

Vibration of the drill string, and the longitudinal vibration amplitude of drill string was
small, about 14 mm. Under the condition of large elastic stiffness (5 kN/mm), the down-
ward movement resistance of the upper drill string was large, which limited the longitudi-
nal movement range of the drill string and kept the longitudinal movement amplitude of
the drill string at a low level, about 10 mm. The longitudinal displacement of drill string
varied between 10–23 mm under different elastic stiffness conditions. When the elastic
stiffness was 1 kN/mm, the longitudinal displacement of the drill string was the largest,
about 23 mm.

The absolute acceleration of drill string moving upward and downward increased
firstly and then decreased with the increasing of elastic stiffness. When the elastic stiffness
was 1 kN/mm, the longitudinal acceleration of the drill string was the largest, the down-
ward longitudinal acceleration of the drill string was about 0.15 g m/s2, and the upward
longitudinal acceleration of the drill string was about 0.14 g m/s2.

Under different elastic stiffness conditions, the longitudinal motion of the drill string
was quite different. At high rotation rate (115 r/min), when the elastic stiffness was
1 kN/mm, the longitudinal displacement amplitude and acceleration of drill string showed
extreme values.

3.2.2. The Influence of Rotation Rate

Taking the experimental data which is under the condition of 134.25 kN bit load,
1 kN/mm elastic stiffness and installing spring near the bit as an example. The variation of
longitudinal motion amplitude and ultimate acceleration of drill string with rotation rates
are shown in Figure 13.

Figure 13. The variation of longitudinal motion amplitude and ultimate acceleration of drill string
with rotation rates.

According to Figure 13, the longitudinal motion of the drill string had the following
characteristics under different rotation rates conditions:

The longitudinal motion amplitude of drill string rose with the increasing of rotation
rate. It was about 10 mm at low rotation rate (42.9 r/min) and reached 23 mm at high
rotation rate (115 r/min).
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The absolute acceleration of drill string moving upward and downward increased
with the increasing of rotation rate.

The longitudinal vibration frequency of drill string was only related to the rotation
rate, about 2.77 times of the actual rotation rate, which was consistent with the rotation
rate in the simulation experiment.

Rotation rate had a significant effect on the longitudinal movement of the drill string.
The higher the rotation rate, the more severe the longitudinal vibration of the drill string
above the spring component was.

3.2.3. The Influence of Bit Load

Taking the experimental data, which is under the condition of 1 kN/mm elastic stiff-
ness, 115 r/min rotation rate and installing spring near the bit as an example. The variation
of longitudinal motion amplitude and ultimate acceleration of drill string with bit load are
shown in Figure 14.

Figure 14. The variation of longitudinal motion amplitude and ultimate acceleration of drill string
with bit loads.

According to Figure 14, the longitudinal motion of the drill string had the following
characteristics under different bit loads conditions:

The longitudinal motion amplitude of drill string decreased with the increasing of bit
load. It was about 31 mm at low bit load (44.74 kN) and decreased to 17 mm at high bit
load (223.75 kN).

The absolute acceleration of the drill string decreased with the increasing of bit load.
The influence of bit load on the longitudinal acceleration of the drill string was

relatively small, but it had a large influence on the longitudinal displacement amplitude.
In general, increasing the bit load will inhibit the severity of the longitudinal vibration of
the drill string above the spring component.

3.2.4. The Influence of the Spring Component Position

Taking the experimental data, which is under the condition of 134.25 kN bit load,
115 r/min rotation rate and 1 kN/mm elastic stiffness, as an example. The variation of
longitudinal motion amplitude and ultimate acceleration of the drill string with spring
locations can be obtained, as shown in Figure 15.
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Figure 15. The variation of longitudinal motion amplitude and ultimate acceleration of drill string
with spring locations.

According to Figure 15, the longitudinal motion of drill string had the following
characteristics under different spring location conditions:

The longitudinal motion amplitude of drill string decreased gradually with the up-
ward of spring component. It was about 23 mm when the spring component was installed
near the bit and decreased to 16 mm when the spring component was installed 30 m above
the bit.

The absolute acceleration of drill string moving upward and downward gradually
decreased with the upward of spring component.

The influence of spring location on the longitudinal acceleration of the drill string
above the spring was relatively small.

3.3. Analysis Method of Conversion Efficiency of Drill String Vibration Energy to Elastic
Potential Energy
3.3.1. Equivalent Evaluation Method

Through the experiment, the influence of spring elastic stiffness, installation position
and other drilling parameters on the longitudinal movement characteristics of the drill
string can be intuitively recognized, but it is difficult to quantitatively evaluate the effect of
the longitudinal vibration of the upper drill string on the spring component, i.e., the energy
conversion efficiency. Therefore, this paper simplified the spring component and its lower
drill string and drill bit into a single-degree-of-freedom elastic system. The effect of
the upper drill string vibration on the spring component was equivalent to the periodic
excitation force applied to the spring, as shown in Figure 16. By calculating the magnitude
of the equivalent excitation force and its work power to the spring component, the purpose
of quantitatively evaluating the effect of the upper drill string on the spring component
during the longitudinal vibration was achieved.
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Figure 16. Schematic diagram of the equivalent excitation force of the longitudinal vibration of the
upper drill string of the spring component.

The simplified elastic system satisfies the dynamic balance equation:

M
..
u(t) + C

..
u(t) + Ku(t) = F(t) (3)

where, F(t) represents the equivalent periodic excitation force, N; M a represents the mass
of the drill string below the neutral point, but does not include the mass of the drill
string and drill bit below the spring component, kg; C represents the damping value of
spring, dimensionless; K represents the elastic stiffness of the spring, N/m;

..
u represents the

measured longitudinal acceleration of the upper drill string of spring component, m/s2;
..
u(t) represents the longitudinal movement speed of the upper drill string of the spring
component (calculated by the differential method based on the measured longitudinal
displacement data of the drill string), m/s; u(t) represents the measured longitudinal
displacement of the upper drill string of the spring component, m.

Each set of experimental data had the same sampling frequency of 1000 Hz using
linear interpolation. Equation (3) can be used to calculate the equivalent excitation force
under different experimental parameters. Combined with the measured longitudinal
displacement data of the drill string, the work power of the equivalent excitation force to
the spring component can be calculated, thereby quantitatively evaluating the effect of the
longitudinal vibration of the upper drill string on the spring component.

3.3.2. The Influence of Elastic Stiffness on the Energy Conversion Efficiency

Taking the experimental data in Section 3.2.1 as an example, the time-domain diagrams
of equivalent excitation force and its work power to the spring component were calculated
by the method described in Section 3.3.1, as shown in Figure 17.
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Figure 17. The time−domain diagrams of equivalent excitation force and its work power to the spring component under
different elastic stiffness.

According to Figures 17 and 18, the effect of the longitudinal vibration of the drill
string on the spring component had the following characteristics under different elastic
stiffness conditions:

Figure 18. The variation of work power and fluctuation amplitude of F(t) with elastic stiffness.

The fluctuation amplitude of F(t) increased sharply at fist and then decreased slowly
with the increasing of elastic stiffness. When the elastic stiffness was 1 kN/mm, the F(t) var-
ied from −68 kN to 70 kN. At this time, the amplitude of F(t) was the largest, about 138 kN.

The work power of F(t) to the spring component increased sharply at fist and then
decreased with the increasing of elastic stiffness. When the elastic stiffness was between
1 kN/mm and 2 kN/mm, the equivalent excitation force had the largest working power
for the spring component, above 400 kW.
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To achieve the purpose of best energy conversion effect, the elastic stiffness should
range from 1 kN/mm to 2 kN/mm. Within this range of elastic stiffness, the work power of
the longitudinal vibration of the upper drill string to the spring component was the greatest.

3.3.3. The Influence of Rotation Rate on the Energy Conversion Efficiency

Taking the experimental data in Section 3.2.2 as an example, the time-domain diagrams
of equivalent excitation force and its work power to the spring component were calculated
by the method described in Section 3.2.1, as shown in Figure 19.

Figure 19. The time−domain diagrams of equivalent excitation force and its work power to the
spring component under different rotation rate.

According to Figures 19 and 20, the effect of the longitudinal vibration of the drill
string on the spring component had the following characteristics under different rotation
rate conditions:

Figure 20. The variation of work power and fluctuation amplitude of F(t) with rotation rate.
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The fluctuation amplitude of F(t) increased linearly with the increasing of rotation
rate. Under low rotation rate (60.8 r/min), F(t) varied between −30 kN and 20 kN, and the
fluctuation amplitude range was about 50 kN. Under high rotation rate (115 r/min),
F(t) varied between—68 kN and 70 kN, and the fluctuation amplitude was about 138 kN.

The work power of F(t) to the spring component increased linearly with the increasing
of rotation rate. It increased from 254 kW at a low rotation rate (60.8/min) to 424 kW at
a high rotation rate (115 r/min).

The greater the rotation rate, the more work power of the longitudinal vibration of the
upper drill string to the spring component was.

3.3.4. The Influence of Bit Load on the Energy Conversion Efficiency

Taking the experimental data in Section 3.2.3 as an example, the time-domain diagrams
of equivalent excitation force and its work power to the spring component were calculated
by the method described in Section 3.3.1, as shown in Figure 21.

Figure 21. The time−domain diagrams of equivalent excitation force and its work power to the
spring component under different bit load.

According to Figures 21 and 22, the effect of the longitudinal vibration of the drill
string on the spring component had the following characteristics under different bit
load conditions:

The fluctuation amplitude of F(t) gradually rose with the increasing of bit load and
tended to be stable.

The work power of F(t) to the spring component increased slowly fist and then
decreased with the increasing of bit load. It reached the greatest value at about 424 kW
when the bit load was 134.25 kN.

Increasing the bit load was not conducive to the energy conversion of the drill string
vibration. The bit load lower than 134.5 kN can ensure the better energy conversion effect
of the drill string vibration.
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Figure 22. The variation of work power and fluctuation amplitude of F(t) with bit load.

3.3.5. The Influence of Spring Position on the Energy Conversion Efficiency

Taking the experimental data in Section 3.2.4 as an example, the time-domain diagrams
of equivalent excitation force and its work power to the spring component were calculated
by the method described in Section 3.3.1, as shown in Figure 23.

Figure 23. The time−domain diagrams of equivalent excitation force and its work power to the
spring component under different spring position.

According to Figures 23 and 24, the effect of the longitudinal vibration of the drill
string on the spring component had the following characteristics under different bit
load conditions:
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Figure 24. The variation of work power and fluctuation amplitude of F(t) with spring position.

The fluctuation amplitude of F(t) decreased linearly with the increasing of distance
between spring and bit.

The work power of F(t) to the spring component decreased linearly with the increasing
of distance between spring and bit. It started from 424 kW of the distance of 0 and decreased
to 361 kW of the distance of 30 m.

The best way to convert the vibration energy of the drill string is to adopt the method
of installing the spring component near the drill bit

4. Conclusions

• The characteristics of fluctuation of downhole bit load and longitudinal vibration of
drill string under different drilling parameters, spring performances, and installation
positions were studied by experimental research.

• The experimental analysis shows that the fluctuation of the downhole bit load was
reduced by 10%–90% after the spring component was installed in the bottom hole
assembly. The rotation rate and the spring elastic stiffness had a significant and
positive influence on the fluctuation amplitude of the downhole bit load, while the
impact of the bit load and the spring position on the fluctuation amplitude of downhole
bit load was relatively small.

• The relationship between drilling parameters, spring elastic stiffness and its installa-
tion positions, and the longitudinal motion of drill string was analysed. The research
shows that the longitudinal movement amplitude and acceleration of the drill string
increased at first and then decreased with the increasing of elastic stiffness. The longi-
tudinal vibration amplitude and acceleration of the drill string reached their maximum
value when the elastic stiffness was 1 kN/mm; The closer the spring position to the
drill bit or the higher the rotation rate, the more severe the longitudinal vibration of the
drill string above the spring component was; Increasing the bit load suppressed the
severity of the longitudinal vibration of the drill string above the spring component.

• The evaluation method of energy conversion efficiency from drill string vibration to
spring potential energy was established. The research shows that: the available me-
chanical energy range of the drill string longitudinal vibration during drilling is about
200–420 kW. The influence of drilling parameters, elastic stiffness and its installation
position on the vibration energy conversion effect of the drill string was analyzed.
The work power of the drill string vibration to the spring component increased sharply
at first and then decreased with the increasing of elastic stiffness. When the elastic
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stiffness was between 1 kN/mm and 2 kN/mm, the energy conversion efficiency
from drill string vibration to spring potential energy reached the optimum value.
Increasing the rotation rate, keeping the bit load below 134.5 kN and installing the
spring component near the drill bit all contribute to the improvement of the energy
conversion efficiency of drill string vibration.
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