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The application of highfrequency vibrations to a drill bit is a promising means of increasing rate of penetration in deep hard 
formations. The implementation of such drill bit highfrequency vibrations is possible by installing the cavitation hydraulic vibrator 
in the drill string in front of the rockcutting tool.

Purpose. Evaluation of resonant modes (frequencies of oscillations) for the dynamic interaction of the mud pressure in the drill 
string and the drill bit longitudinal vibrations in case of contact with the rock being destroyed while drilling using the cavitation 
hydraulic vibrator; comparative analysis of the effectiveness of using a highfrequency mechanical vibrator and a cavitation hydrau
lic vibrator in case of drilling in hard rocks.

Methodology. The research is based on a comparative analysis of the amplitudes and power spectral density of mud pressure 
oscillations of the mud and vibration accelerations in the drill bit cross section of drill string.

Findings. The results are presented in the form of amplitude spectra and power spectral densities of mud pressure and vibration 
acceleration, as well as the dependence of the increase in the rate of penetration on the frequency of forced oscillations of the drill bit.

Originality. Taking into account the influence of the cavitation hydraulic vibrator on the drill rig ROP made it possible:
 to determine the resonant frequencies of pressure oscillations of the mud of the drilling tool, for the effective removal of 

drilled rock at the point of its contact with the drilling tool, and the longitudinal vibration accelerations of the drilling tool, to speed 
up rate of penetration during the construction of a well;

 to evaluate the effectiveness of using a cavitation hydraulic vibrator in comparison with a highfrequency mechanical vibrator. 
For the studied modes of operation of the hydraulic vibrator at values of the cavitation parameter t = 0.19, the well rate of penetra
tion increases by 40 % compared to the traditional rotary method and by 26 % compared to the vibratory hammer. For the cavita
tion operating mode of the hydraulic vibrator t = 0.41, the increase in the rate of penetration is 62 and 37 %, respectively. At the 
same time, the operating efficiency of the hydraulic vibrator was ensured at the resonant frequencies of the mud pressure with a 
frequency of 1,580 Hz at t = 0.19 and 1,980 Hz at t = 0.41.

Practical value. For a specific design of the cavitation hydraulic vibrator as part of a drill string, by changing the frequency of 
the drill bit vibration impact on the rock, resonant frequencies are established that ensure the high ROP of the well.

Keywords: cavitation hydraulic vibrator, drill bit, rock resonant frequency, rate of penetration

Introduction. The study of the drill string dynamics associ
ated with the imposition of highfrequency longitudinal vibra
tions on a rockcutting tool is a current topic of modern re
search. Scientific work carried out in this direction has impor
tant economic benefits and practical guiding value. The ex
traction of hydrocarbon energy resources at great depths in 
difficult mining and geological conditions often leads to a dead 
end situation – low profitability of well construction.

From studies conducted in the former USSR [1], it is 
known that highfrequency impacts on rocks, namely reso
nance, impact and cavitation, are the factors that influence the 
rapid destruction of rock and contribute to the longterm pres
ervation of the working condition of drilling equipment.

In modern conditions, in particular, at Southwest Petro
leum University (China), for several years, to overcome the 
problems associated with the high cost of drilling in the devel
opment of the construction of ultradeep wells (from 2,000 to 
6,000 m) in relation to complex geological conditions, they 
have conducted largescale research and developed a new 

drilling tool. A hydraulic pulse generator was installed in it, 
which implemented a cavitating jet. A description of this tool 
is given in [2]. At flushing fluid flow rates from 27.5 to 32 l/s, 
such a device creates oscillations in fluid pressure with a range 
of DР ≈ 2.1–2.2 MPa. At the main carrier frequency of these 
oscillations is 10 Hz. superimposed pressure pulsations with a 
range of DР ≈ 0.56–0.60 MPa with a frequency of approxi
mately 80 Hz.

Field drilling tests (with this tool) during the construction 
of more than a hundred oil wells with a maximum depth of 
6,162 m confirmed an increase in the penetration rate [3].

Chinese researchers have also developed a hydraulic oscil
lator, which is a typical downhole tool that uses selfgenerated 
vibration [4].

Construction of wells for hydrocarbon production is one 
of the most expensive operations in the oil and gas industry. As 
stated in work [5] ‘one of the most important parameters af
fecting drilling cost is the rate of penetration (ROP)’. Its in
crease is solved by imposing longitudinal vibrations on the 
drill bit. This is achieved with the help of mechanical hydraulic 
hammers operating at frequencies up to one hundred Hz, as 



68 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, № 2

well as new cavitation pulse devices developed and implement
ed in the last decade [1]. Such devices generate shock vibra
tions in the sonic frequency range and above. At the same 
time, in certain modes of their operation, the range of oscilla
tions in the mud pressure at the outlet of such devices exceeds 
the pressure at their inlet.

Literature review. The prospects of the scientific direction 
for the development of sonic and ultrasonic drilling technolo
gies and the use of vibration loading of drilling tools are con
firmed by numerous studies conducted by scientific institutes 
and organizations in different countries. For example, labora
tory studies by Babapour [6] showed the possibility of increas
ing drilling speed by applying an axial vibration force to the bit 
using a pulsed cavitation drilling tool. Its design includes a 
Venturi tube that creates cavitation cavities in the drilling mud. 
It is argued that the collapse of cavitation bubbles formed in
side the tool generates pressure pulsations and oscillatory forc
es on the bit.

Domestic researchers came to the same conclusion using a 
Venturi tube that creates a pulsating jet for the efficiency of 
face cleaning [7].

An analytical model of pulsation pressure characteristics 
was created in [8]. The results showed that tool design and op
erating conditions have a significant impact on the frequency 
and amplitude of bit pressure pulsations. The use of this tech
nology can allow optimization of frequency and amplitude 
taking into account the lithology of the formations being 
drilled. This will lead to lower drilling costs and more oil and 
natural gas fields will become profitable.

The mechanism of rock destruction during impact drilling 
in deep hard rocks using highfrequency vibrations was studied 
in [9, 10]. In work [9], based on the mechanics of elasticity and 
the principles of mechanical vibrations, a model of rock de
struction was created. The influence of oscillation frequency 
on the penetration rate was determined. It has been established 
that the ROP reaches a maximum when the frequency of shock 
vibrations is approximately equal to the natural frequency of 
the rock. Such drilling allows one to increase the service life of 
the drilling tool and reduce the cost of drilling a well [10].

Experimental and field studies continue to demonstrate 
that downhole vibrations induced by axial vibration tools in 
the drill string are the most effective method for reducing fric
tion and improving axial force transmission in highangle, 
longreach wells.

The natural frequency of a number of hard rock samples 
(hardness is indicated on the Mohs scale), obtained from vari
ous sources, is shown in Fig. 1 and is about 37 kHz.

From the above figure, it is clear that the frequency of vi
bration loading of a rock cutting tool with a hydraulic vibrator, 

given in [1], is far from the natural frequency of rocks under 
modern technological conditions.

Such relatively low frequencies of forced vibrations of the 
drill bit that are most effective in terms of drilling speed in com
parison with the frequencies of rock vibrations (Fig. 1) can be 
explained by the presence of natural heterogeneities of the rock 
mass and the appearance of differently inclined cracks in the 
contact zone of the drilling tool and the destroyed material [4].

The work [4] considers the combined crushing of hard 
rocks by exerting axial and torsional effects on a rockcutting 
tool. This technology can significantly increase the speed of 
well penetration. In this study, the dynamic process and mech
anism of rock failure under complex impact are studied and a 
numerical model is developed. Verification of the effectiveness 
of the method was confirmed by tests under dynamic impact 
on sandstone. Finally, the influence of impact parameters and 
cyclic loads on rock destruction ability was systematically stud
ied. Analysis of the mechanism of rock destruction, laboratory 
and field tests, and optimization of parameters allowed the au
thors [4] to develop a new combined impact drilling tool.

Progressive research methods – 3D technologies and high
speed photography allowed the authors of work [12] to obtain 
new data on the study of the characteristics of a cavitating noz
zle. Thus, the influence of the geometric parameters of the 
nozzle on the dynamic characteristics of the flow realized by it 
was assessed taking into account the analysis of visualization of 
the process through image processing. The pressure and vol
ume flow fields were studied as objective functions to assess the 
influence of the geometric parameters of the nozzle on the dy
namics of the process. This study established that ‘the optimal 
values of the throat length and nozzle divergence angle are 
equal to twice the throat diameter and 40°, respectively’.

Maximizing the ROP due to impact crushing of bottom
hole rock with a bit was experimentally studied in [13]. Dy
namic tests when drilling granite samples with different modes 
of impact were carried out on a stand for rock destruction. The 
amplitudefrequency characteristics of the dynamic process of 
rock destruction were determined. Based on the analysis and 
using the Fourier transform, the spectral characteristics of the 
impact response of the destroyed rock were obtained. Finally, 
the optimal modes for effectively increasing the rate of rock 
destruction were determined. Based on the research results in 
this work, it is concluded that ‘percussive drilling is an impor
tant technical method for increasing ROP as it meets the de
mand for efficient drilling in complex structural wells by using 
bit impact crushing on bottom rock. The application of vibra
tional impact rock breaking to increase ROP is especially im
pressive’. The results obtained in this work are of particular 
interest for further research into percussion drilling.

The review [14] of the use of sonic and ultrasonic vibra
tions in mud is based on the study of successful technologies in 
related industries in recent years. Here, the research results are 
summarized and the improvement of highfrequency oscilla
tions during cavitation of the mud is considered. The possibil
ity of increasing the magnitude of highamplitude impacts and 
achieving resonance of the drilling tool with the destroyed 
rock was determined. However, as the authors of the review 
believe that ‘at present, the application of ultrasonicassisted 
rockbreaking technology in the oil and gasdrilling industry 
still faces some problems and challenges’.

One of these problems is the propagation of highfrequency 
oscillations in deepwell conditions and the lack of knowledge 
of the spectrum of frequency and amplitude characteristics.

Thus, summarizing the analysis of recent studies on the 
influence of the frequency of longitudinal vibration loading of 
a drilling tool, we can draw the following conclusions:

 the natural frequency of the rock in the zone of its destruc
tion during sonic drilling is approximately an order of magni
tude lower than the values shown in Fig. 1. This is explained by 
the formation of a network of differently inclined cracks in the 
destroyed rock in the zone of its contact with the drilling tool;

Fig. 1. Natural vibration frequency of some studied rocks:
1 is siltstone with iron additives; 2 is siltstone (hardness up to 
6 units); 3 is argillite (up to 2–6 units); 4 is conglomerate (up to 
6–7 units); 5 is conglomerate of other compounds (up to 6 units); 
6 is granite (up to 7 units); 7 is metamorphic rock (up to 6–7 units)
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 at the same time, its strength decreases and the rate of 
penetration increases up to two times [15].

The above frequencies of excitation of drill bit oscillations 
(from 1,000 to 5,000 Hz) can be achieved by installing a cavita
tion hydraulic vibrator [1] in the drill string.

The purpose of the presented work is to analyze the reso
nant dynamic interaction of mud pressure oscillations and the 
longitudinal vibrations of the drill bit when it comes into con
tact with the destroyed rock in order to select rational operat
ing modes of the cavitation hydraulic vibrator.

To achieve the goal, the following tasks were solved in the 
crosssection of the rockdestroying tool of the drill string:

 the amplitude spectra of the mud pressure and vibration 
acceleration were determined depending on the frequency of 
their oscillations;

 power spectral densities of mud pressure and vibration 
acceleration were determined depending on the frequency of 
their oscillations;

 resonant frequencies of mud pressure and drill bit vibra
tion acceleration have been established;

 a comparative analysis of drilling efficiency using a high
frequency mechanical vibrator and a cavitation hydraulic vi
brator was carried out based on the rate of well penetration.

The cavitation hydrovibrator layout diagram. A schematic 
representation (in 3D projection) of a cavitation hydraulic vi
brator is shown in Fig. 2. It consists of a hydraulic vibrator 
housing (indicated by number 1 in Fig 1), including a cavita
tion generator (indicated by 2) as the main element of the hy
draulic vibrator, with an input hydraulic channel (indicated 
by 5) for leveling the velocity field.

In the hydraulic vibrator housing there is an output flow
through hydraulic channel 3. To avoid losses of pulse energy, it 
is made with a diameter equal to the diameter of the generator 
diffuser at the outlet. The hydraulic vibrator housing also has 
space for installing a pressure pulsation sensor – indicated by 
4 and turnkey milled planes 6 for easy installation of the hy
draulic vibrator as part of the drill string. Cavitation genera
tor 2 is a Venturi tube of special geometry and transforms a 
stationary fluid flow into a periodically stalled cavitation flow.

A simplified layout diagram of the hydraulic vibrator under 
consideration as part of the drill string is shown in Fig. 3.

As can be seen from the analysis of this layout diagram, 
the cavitation hydraulic vibrator is located by means of coni
cal threads in the drill string 1 with a rockcutting tool 3. 
When the mud passes through the generator 2 (Fig. 2), as a 
result of periodic growth, to a certain size and when the cav
ern is torn off – 5 (Fig. 3), and subsequently carried away by 
the flow into the flow channel into the highpressure zone – 
6, its destruction occurs. In this case, highfrequency self
oscillations of shocktype liquid pressure are realized with a 
range DР exceeding the pressure value at the inlet to the gen
erator [1, 2]. Subsequently, the design from the entrance to 
the hydraulic vibrator to the rockcutting tool received the 
name – drilling tool.

As can be seen from the analysis of this layout diagram, the 
cavitation hydraulic vibrator is located by means of conical 
threads in the drill string 1 with a rockcutting tool 3. During 
the passage of the flushing fluid through the generator 2 
(Fig. 2), the following dynamic processes occur: periodic 
growth (to certain sizes) and separation of the cavern – 5 

(Fig. 3), subsequent demolition of the cavern by the flow into 
the highpressure zone – 6 and destruction of the cavern.

In this case, highfrequency selfoscillations of shocktype 
liquid pressure are realized with a range DР exceeding the pres
sure value at the inlet to the generator [1, 2]. In further devel
opments, the design from the entrance to the hydraulic vibra
tor to the rockcutting tool was called a drilling tool.

The frequency of mud pressure oscillations (the first mode 
of oscillations) is in the range from 200 to 20,000 Hz and can 
be adjusted by setting the cavitation mode (i. e., by the cavita
tion parameter t). The cavitation parameter t, as a criterion for 
the dynamic similarity of the cavitation flow regime [1], is cal
culated using the formula

2
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2

cr

cr

P P
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-
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ρ

where Р2 is the steadystate total pressure in the flow channel 
of the hydraulic vibrator; Pcr is pressure in the critical part of 
the generator; vcr is the fluid velocity in the throat section of 
the generator; ρ is the mud density.

The testing schematic for such drill string, its geometric 
parameters, and the main test results under various operat
ing modes are given in [16]. In this work, mathematical 
modeling of the operation of the drilling tool during the in
teraction of its drill bit with rock (granite) was performed, 
taking into account its physical and mechanical properties. 
The adequacy of the developed model is confirmed by satis
factory agreement between the calculated and experimental 
parameters of mud pressure fluctuations and vibration accel
erations in the cross section of the rockcutting tool, with the 
exception of the first resonant oscillation operating mode of 
the hydraulic vibrator.

Later, the mathematical model proposed in [16] was re
fined in [17] by taking into account the influence of the oscil
lation amplitude on dissipative losses. This made it possible to 
obtain acceptable agreement with experimental data over the 
entire range of operating modes of the drill bit.

The use of a refined mathematical model made it possible 
to study the time dependences of the hydraulic [17] and meFig. 2. The 3D diagram of the cavitation vibrator

Fig. 3. Layout diagram of the hydraulic vibrator as part of the 
drill string:
1 is drill pipe; 2 is cavitation hydraulic vibrator; 3 is rock cutting 
tool; 4 is destroyed rock; 5 is volumetric part of the attached cavity; 
6 is volumetric part of the detached cavity; 7 is mud with suspen-
sions of drilled rock
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chanical [18] powers of the hydraulic vibrator in the cross sec
tion of the rockcutting tool of the drilling tool.

To determine the amplitude spectra and power spectral 
density of the mud pressure and vibration acceleration, appro
priate sensors were installed in the cross section of the drill bit. 
Additionally, in the cavitation flow mode at t = 0.19, to deter
mine the transmission of vibrations ‘up’ along the drill string, 
a vibration acceleration sensor was installed in the section of 
the entrance to the hydraulic vibrator (Fig. 3).

As an example, Fig. 4 shows the time dependences of the 
dynamic pressure p2 at the outlet of the hydraulic vibrator (this 
value can be used to assess the quality of flushing of the drilled 
rock) and the vibration acceleration of the drilling tool struc
ture Z2 (this value characterizes the increase in penetration 
speed) in the drill bit cross section [1]. The same figure also 
shows the vibration acceleration of the drill string at the en
trance to the hydraulic vibrator Z1.

From the results of the analysis of the time dependences 
given by Fig. 4, it is clear that the main (first mode) frequency 
of cavitation pressure oscillations p2, realized by the hydraulic 
vibrator, is 397 Hz. Vibration shapes of higher oscillations 
modes are ‘superimposed’ on it. The manifestation of high 
frequencies in the dynamic process under study is associated 
with the influence of the length of the hydraulic line of the drill 
string, as well as with such dynamic phenomena as repeated 
collapses of the detached part of the cavern in the flow channel 
of the hydraulic vibrator (Fig. 3) and interaction of mud in it 
with mechanical vibrations of the drilling rig structure.

The frequency of the first mode of the drill bit vibration 
acceleration oscillations Z2 in the drill bit cross section can, in 
certain modes, coincide with the frequency of cavitation pres
sure oscillations p2 at the outlet of the hydraulic vibrator. At the 
same time, highfrequency mechanical vibrations of the struc
ture of higher modes in the cross section of the rockcutting 
tool are superimposed on them. This leads to the appearance of 
resonant phenomena, as will be shown below, and, subse
quently, to the development of differently inclined cracks. The 
destruction of rock occurs before reaching its strength limit.

As for the oscillations above the hydraulic vibrator (sec
tion p1, Z1), in the work carried out earlier at the Institute of 
Technical Mechanics of the National Academy of Sciences of 
Ukraine (V. V. Pilipenko,1989), it was established that cavita
tion pressure oscillations p2 upward along the flow are com
pletely “cut off” (suppressed) by the high compliance of the 
cavitation cavity located behind the critical section of the gen
erator. Mechanical vibrations of the drill string structure in 
the initial section Z1 of the cavitation hydraulic vibrator (Fig. 
3) amount to no more than 7 % of the structure vibrations in 
the drill bit section.

Method for processing parameters of a dynamic process and 
analysis of the results obtained. The new hydraulic oscillator, 
developed by Chinese researchers [19], taking into account the 

geological conditions of the field, is a complex hydromechani
cal device. A study of the vibration frequency spectrum of the 
design of a rockcutting tool, as an important characteristic of 
the dynamic process for optimizing drilling, is also given in 
[19]. In accordance with the design of this development, fluc
tuations in drilling fluid pressure are created due to periodic 
changes in the flow area in the intervalve space of the device. 
The spectrum of vibration accelerations, calculated using the 
fast Fourier transform (FFT), indicated the presence of reso
nance at an oscillation frequency of 12.5 Hz. Note that this 
frequency is two orders of magnitude lower than the natural 
frequencies of the rock being destroyed [9].

As part of the vibroacoustic analysis of a drill string with a 
cavitation hydraulic vibrator, spectral analysis was performed 
based on experimental data from field tests given in [16], in the 
frequency range from 1,000 to 12,000 Hz. It is shown in this 
range that a drilling rig with a cavitation hydraulic vibrator re
alizes fairly high performance of its dynamic process.

Spectral analysis of the signal from pressure and vibration 
acceleration sensors was performed on the basis of the ampli
tude spectrum ASP and power spectral density PSD using 
standard computational procedures based on the calculation 
of the complex coefficients of the Fourier series of a periodic 
signal using the FFT algorithm.

In case of processing cavitation shock vibrations of pres
sure amplitudes and vibration accelerations due to the signifi
cant nonlinearity of the vibration shape, the FFT determines 
only the harmonic components of the signal. This is especially 
evident from the pressure amplitude spectrum. However, the 
oscillation frequencies in a coupled (hydraulic and structure) 
dynamic system can be analyzed.

Fig. 5 shows the amplitude spectra of ASP pressure р2 in 
the structure cross section of a rockcutting tool for values of 
the cavitation parameter t = 0.19 and 0.41.

For the cavitation parameter value is t = 0.19 the dynamic 
pressure resonances p2 are observed at the main frequency of 
cavitation oscillations, equal to 397 Hz, as well as at the second 
and third natural frequencies, which are 790 and 1,170 Hz. For 
the case when the cavitation parameter value is t = 0.41, pres
sure resonances p2 are observed, as in the first case, at the main 
frequency of cavitation oscillations equal to 1,114 Hz. The sec
ond and third natural frequencies are 1,980 and 3,520 Hz, re
spectively. An increase in the oscillation frequency above the 
values of the third natural frequency, both at t = 0.19 and t = 
= 0.41, leads to an intensive decrease in the resonant processes 
of the drill string.

Amplitude spectra ASV of vibration accelerations of struc
ture Z2 in the drill bit cross section for the same values of the 
cavitation parameter t = 0.19 and 0.41 are presented in Fig. 6.

The results presented in this figure make it possible to de
termine the resonant frequencies of vibration accelerations of 
the drill structure in the cross section of the rockcutting tool. 

Fig. 4. Time dependences of pressure р2 and vibration accelera-
tion Z2 in the drill bit cross section and vibration accelera-
tion at the entrance to the hydraulic vibrator Z1

Fig. 5. Amplitude spectrum ASP of dynamic pressure р2 in the 
drill bit cross section vs. frequency f
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For both t = 0.19 and t = 0.41, resonant vibration acceleration 
maxima are observed at frequencies of 1,650 and 4,570 Hz.

Thus, analysis of the amplitude spectra of pressure р2 and 
vibration acceleration Z2 in the cross section of a rockcutting 
tool made it possible to establish that the range of resonance 
frequencies of vibration acceleration Z2 is five times greater 
than the values of the resonance frequencies of pressure р2. 
The range of values of the resonant frequencies of vibration 
accelerations corresponds to the increased efficiency of the 
drilling tool [1].

Power spectral densities PSD of dynamic pressure р2 and 
vibration acceleration Z2 in the cross section of a rockcutting 
tool are shown in Figs. 7 and 8.

As can be seen from Fig. 7, resonant maxima of the vibra
tion pressure power spectral density p2 are realized at frequen
cies of 383, 750 and 1,160 Hz (at t = 0.19). At the cavitation 
value of t = 0.41, resonances of the vibration pressure power 
spectral density р2 are observed at frequencies of 1,140; 1,980; 
3,490 Hz. The given frequency values correspond to the reso
nant frequencies determined from the amplitude spectra of 
pressure р2 in the cross section of the rockcutting tool (Fig. 5).

As can be seen from Fig. 7, resonant maxima of the vibra
tion pressure power spectral density р2 are realized at frequen
cies of 383, 750 and 1,160 Hz (at t = 0.19). At a value of t = 
= 0.41, resonances of the dynamic pressure power spectral 
density р2 are observed at frequencies of 1,140; 1,980; 3,490 Hz. 
The given frequency values correspond to the resonant fre
quencies determined from the amplitude spectra of pressure р2 
in the drill bit cross section (Fig. 5).

For case when the drill tool operates in accordance with 
the spectral power density of vibration accelerations Z2, the 
resonant manifestations of the ‘drill tool – rock’ dynamic sys
tem (Fig. 8) can be realized for the considered operation mode 
at frequencies of 1,650 and 4,570 Hz. These values correspond 
to the values of the resonant frequencies determined from the 
amplitude spectra of vibration acceleration Z2 (Fig. 6).

Fig. 9 shows the dependence of the increase in penetration 
rate (ROP) during vibroimpact drilling as a percentage rela
tive to the ROP in the traditional rotational drilling method 
(the value of which is taken as 100 %) on the frequency f.

This dependence was obtained from the results of process
ing experimental data [4] for case of drilling granite rock using 
a PDC bit.

Experimental data (indicated by dots and corresponding to 
the operating modes of the cavitation hydraulic vibrator at t = 
= 0.19 and 0.41) obtained during field testing of a drilling tool 
are also presented here [1]. As can be seen from Fig. 9, the 
drilling rig with a cavitation hydraulic vibrator is more effective 
compared to the traditional rotary drilling method and for the 
case of using vibroimpact drilling method. Thus, with the 
cavitation operating mode of the hydraulic vibrator t = 0.19, 
the well penetration rate increases by 40 % compared to the 
traditional rotary method and by 26 % compared to vibro

impact drilling. For the cavitation operating mode of the hy
draulic vibrator t = 0.41, the increase in the well penetration 
rate is 62 and 37 %, respectively. In this case, the operating 
efficiency of the hydraulic vibrator was ensured at the resonant 
frequencies of pressure р2 (Fig. 7) with the oscillation frequen
cy of 1,580 Hz at t = 0.19 and 1,980 Hz at t = 0.41.

Based on the analysis of the above data, it can be assumed 
that the greater speed of penetration of the drill string, achieved 
in case of drilling with a cavitation hydraulic vibrator, com
pared to drilling using a highfrequency vibratory hammer 
(under equal vibration operating conditions) is ensured due to 
effective entrainment of destroyed rock with oscillating mud 
from the zone of its contact with the drill bit. In addition, an 
important factor influencing the increase in ROP (using a cav
itation hydraulic vibrator) is a decrease in the work of friction 
forces during the rotational movement of the drill bit with its 

Fig. 6. Amplitude spectrum ASV of vibration acceleration Z2 of 
the drill projectile design in the drill bit cross section of vs. 
the frequency f

Fig. 7. Power spectral density PSD of vibration-pressure р2 in 
the cross section of a rock-cutting tool vs. frequency f

Fig. 8. Power spectral density PSD of vibration acceleration Z2 
in the cross section of a rock-cutting tool vs. on frequency f

Fig. 9. The ROP increase in rate of penetration vs. the frequen-
cy f of the drill bit forced oscillations
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contact interaction with the rock in the case of intense reso
nant oscillations of the drilling mud.

Conclusions. Based on the results of the analysis of the am
plitudes and power density of pressure oscillations of the mud 
and vibration accelerations of the structure of the drilling tool 
with a cavitation hydraulic vibrator in the drill bit cross sec
tion, it was established that:

 for the given design of the hydraulic vibrator with the 
value of the cavitation parameter t = 0.19, resonances of the 
amplitude spectrum of pressure p2 at the outlet of the hydrau
lic vibrator are observed at the frequency of cavitation oscilla
tions of the first oscillation mode, equal to 397 Hz, as well as at 
the natural frequencies of the second and third oscillation 
modes and are 790 and 1,170 Hz. When the cavitation param
eter value t is 0.41, pressure resonances p2 are observed, as in 
the first case, at the main frequency of cavitation oscillations 
equal to 1,114 Hz. The second and third natural frequencies 
are 1,980 and 3,520 Hz. An increase in frequency above the 
values of the third natural frequency, both at the cavitation 
number t = 0.19 and t = 0.41, leads to an intensive decrease in 
resonant processes;

 resonances of the power spectral density of the dynamic 
pressure р2 practically coincide with the resonances of the am
plitude spectrum of this pressure;

 resonant phenomena of the spectral power density of vi
bration accelerations Z2 are realized at frequencies of 1,650 
and 4,570 Hz and correspond to the values of resonant fre
quencies determined from the amplitude spectra of vibration 
accelerations;

 vibration acceleration resonances Z2 for the same values 
of the cavitation parameter t = 0.19 and 0.41 are observed at 
frequencies of 1,650 and 4,570 Hz;

 from the results of the analysis of the well drilling carried 
out in the considered modes in relation to approximately equal 
rocks, the use of a drilling tool with a cavitation hydraulic vi
brator is more effective compared to the traditional rotary 
drilling method and when using a highfrequency mechanical 
vibratory hammer. Thus, with the cavitation operating mode 
of the hydraulic vibrator t = 0.19, the well penetration rate in
creases by 40 % compared to the traditional rotational method 
and by 26 % compared to the vibratory hammer. With the 
cavitation operating mode of the hydraulic vibrator t = 0.41, 
the increase in the well penetration rate is 62 and 37 %, respec
tively. In this case, the operating efficiency of the hydraulic 
vibrator was ensured at the resonant frequencies of pressure р2 
with oscillation frequency of 1,580 Hz at the cavitation num
ber t = 0.19 and 1,980 Hz at t = 0.41.

The results of the study allow us to select rational frequen
cies of vibration loading of the drill bit for the specific drill 
string design to increase the rate of penetration during well 
construction and avoid restrictions on drilling operating pa
rameters.

References.
1. Zhulay, Yu., & Nikolayev, O. (2021). Sonic Drilling with Use of a 
Cavitation Hydraulic Vibrator. In ‘Mining Technology, IntechOpen, 
(pp. 81100). London. https://doi.org/10.5772/intechopen.100336.
2. Shi, H., Li, G., Huang, Z., & Shi, S. (2014). Properties and testing of 
a hydraulic pulse jet and its application in offshore drilling. Petroleum 
Science, 11(3), 401407. https://doi.org/10.1007/s1218201403541.
3. Li, G., Shi, H., Niu, J., Huang, Z., Tian, S., & Song, X. (2010). 
Hydraulic Pulsed Cavitating Jet Assisted Deep Drilling: An Approach 
to Improve Rate of Penetration. Society of Petroleum Engineers. 
https://doi.org/10.2118/130829MS.
4. Wang, W., Liu, G., Li, J., Zha, C., & Lian, W. (2021). Numerical 
simulation study on rockbreaking process and mechanism of com
pound impact drilling. Energy Reports. Retrieved from https://www.
elsevier.com/locate/egyr.
5. Hazbeh, O., Khezerlooye Aghdam, S., Ghorbani, H., Mohama
dian, N., Ahmadi Alvar, M., & Moghadasi, J. (2020). Comparison of 
accuracy and computational performance between the machine learn
ing algorithms for rate of penetration in directional drilling well. Petro-
leum Research, 271282. https://doi.org/10.1016/j.ptlrs.2021.02.004.

6. Babapour, S., & Butt, S. D. (2014). Investigation of Enhancing Drill 
cuttings Cleaning and Penetration Rate Using Cavitating Pressure Puls
es. American Rock Mechanics Association. 48 th U.S. Rock Mechanics/Geo-
mechanics Symposium, (pp. 16). Minneapolis, Minnesota. Retrieved 
from https://www.onepetro.org/conferencepaper/ ARMA20147751.
7. Xin Cao, X., Kozhevnykov, A., Dreus, A., & Liu, B.C. (2019). Dia
mond core drilling process using intermittent flushing mode. Arabian 
Journal of Geosciences, 12. https://doi.org/10.1007/s1251701942872.
8. Thorp, N. J., Hareland, G., Elbing, B. R., & Nygaard, R. (2016). 
Modelling of a Drill Bit Blaster. American Rock Mechanics Association, 
50 th U.S. Rock Mechanics/Geomechanics Symposium, 2629 June, 
(pp. 17), Houston, Texas. Retrieved from https://www.onepetro.org/
conferencepaper/ARMA2016451.
9. Tian, J., Fan, C., Zhang, T., & Zhou, Y. (2022). Rock breaking 
mechanism in percussive drilling with the effect of highfrequency 
torsional vibration. Energy sources, part A. https://doi.org/10.1080/15
567036.2019.1650138.
10. Omojuwa, E., Ahmed, R., & Acquaye, J. (2019). Mathematical 
Modeling of Axial Oscillation Tools in HighAngle Wells. Journal Ap-
plied Mechanical Engineering, 8(1). https://doi.org/10.35248/2168
9873.19.8.316.
11. Zhao, Y., Zhang, C., Zhang, Z., Gao, K., Li, J., & Xie, X. (2021). 
The rock breaking mechanism analysis of axial ultrahigh frequency 
vibration assisted drilling by single PDC cutter. Journal of Petroleum 
Science and Engineering. https://doi.org/10.1016/j.petrol.2021.108859.
12. Wu, X.Y., Zhang, Y.Q., Tan, Y.W., Li, G.S., Peng, K.W., & 
Zhang, B. (2022). Flowvisualization and numerical investigation on 
the optimum design of cavitating jet nozzle. Petroleum Science, 2284
2296. https://doi.org/10.1016/j.petsci.2022.05.016.
13. Mu, Z., Huang, Z., Sun, Z., Wu, X., Li, G., & Song, X. (2022). 
Experimental study on dynamic characteristics of axialtorsional 
coupled percussive drilling. Journal of Petroleum Science and Engineer-
ing. https://doi.org/10.2139/ssrn.4186014.
14. Feng, J., Yan, T., Cao, Y., & Sun, S. (2022). UltrasonicAssisted 
RockBreaking Technology and Oil and Gas Drilling Applications: 
A Review. Energies. https://doi.org/10.3390/en15228394.
15. Sun, Bu C. G., Hu, P. D., & Xia, B. R. (2017). The transient im
pact of the resonant flexible drill string of a sonic drill on rock. Inter-
national Journal of Mechanical Sciences, 2936. https://doi.
org/10.1016/j.ijmecsci.2017.01.01.
16. Nikolayev, O., Zhulay, Yu., Kvasha, Yu., & Dzoz, N. (2020). De
termination of the vibration accelerations of drill bits with the rotative
vibration well drilling method using the cavitation hydrovibrator. Jour-
nal Mining and Mineral Engineering, 102120. https://doi.org/10.1504/
ijmme.2020.108643.
17. Zhulay, Yu., & Nikolayev, O. (2021). Evaluation of hydraulic pow
er of drilling string with a cavitation hydrovibrator. Naukovyi Visnyk 
Natsionalnoho Hirnychoho Universytetu, (3), 3137. https://doi.
org/10.33271/nvngu/20213/031.
18. Zhulay, Yu., Nikolayev, O., & Kvasha, Yu. (2022). Estimation of 
the Mechanical Oscillatory Power of the Drill String for Rational 
Sonic Drilling. Mechatronics and Automation Technology, 261270. 
https://doi.org/10.3233/ATDE221175.
19. Tian, J., Zhi, Z., Li, Y., Yang, L., Wu, C., Liu, G., & Yuan, C. 
(2019). Vibration analysis of new drill string system with hydrooscil
lator in horizontal well. Journal of Mechanical Science and Technology, 
24432451. https://doi.org/10.1007/s122060160504z.

Буріння свердловин з урахуванням 
динамічних властивостей гірських порід
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Накладання високочастотних поздовжніх коливань на 
породоруйнівний інструмент є перспективним засобом 
підвищення швидкості буріння у глибоких твердих плас
тах. Реалізація таких високочастотних коливань можлива 
в разі встановлення у буровій колоні перед породоруйнів
ним інструментом кавітаційного гідровібратора.
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Мета. Визначення резонансних режимів (частот ко
ливань) при динамічній взаємодії тиску промивної ріди
ни й поздовжніх коливань породоруйнівного інструмен
ту під час його контакту з породою, що руйнується, при 
бурінні з використанням кавітаційного гідровібратора; 
порівняльний аналіз ефективності застосування високо
частотного механічного вібратора й кавітаційного гідро
вібратора під час буріння у твердих породах.

Методика. Дослідження гуртується на порівняльному 
аналізі амплітуд і спектральної густини потужності коли
вань тиску промивної рідини й віброприскорень у пере
різі породоруйнівного інструмента.

Результати. Подані у вигляді амплітудних спектрів і 
спектральних густин потужності тиску промивної рідини 
й віброприскорень, а також залежності зростання швид
кості проходки від частоти вимушених коливань бурово
го інструмента.

Наукова новизна. Урахування впливу резонансної 
взаємодії породоруйнівного інструменту з гірською по
родою на швидкість буріння, що запропоноване у цій ро
боті, дозволяє:

 визначити резонансні частоти коливань тиску про
мивної рідини бурового снаряда для ефективного вида
лення розбуреної породи в місці її контакту з буровим 
інструментом, і поздовжніх віброприскорень бурового 

інструмента для прискорення проходки при спорудженні 
свердловини;

 встановити ефективність використання кавітацій
ного гідровібратора у порівнянні з високочастотним ме
ханічним вібратором. Для досліджуваних режимів робо
ти гідровібратора за значень параметра кавітації t = 0,19 
забезпечується зростання швидкості проходки свердло
вини на 40 % у порівнянні з традиційним обертальним 
способом і на 26 % у порівнянні з віброударником. За 
кавітаційного режиму роботи гідровібратора t = 0,41 
зростання швидкості проходки свердловини становить 
62 і 37 % відповідно. При цьому ефективність роботи гід
ровібратора забезпечувалася на резонансних частотах 
тиску промивної рідини з частотою 1580 Hz за t = 0,19 і 
1980 Hz за t = 0,41.

Практична значимість. Для конкретної конструкції 
кавітаційного гідровібратора у складі бурильної колони, 
за рахунок зміни частоти вібраційного впливу долота на 
породу, встановлені резонансні частоти, що забезпечу
ють високу швидкість проходження свердловини.

Ключові слова: кавітаційний гідровібратор, породоруй-
нівний інструмент, резонансна частота, швидкість про-
ходки
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