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ABSTRACT

Purpose. To study the impact of pulse flushing on the power consumption of rock decomposition during diamond
core drilling.

Methods. Theoretical analysis, processing of the obtained experimental data.

Findings. The decrease in power consumption of rock decomposition process during drilling with jet pulse flushing
was studied. The influence of the bottom-hole power and jet pulse flushing parameters on the efficiency of rock de-
composition process was investigated. Physical mechanisms of mining rock degradation under the jet pulse flushing
were considered in the article.

Originality. It was established that the drilling performance is growing along with increasing of pauses between the
flushing liquid supply intervals. At that, the relative reduction of energy consumption of the rock decomposition
process is increasing when the bottom-hole power is decreasing. The study provides theoretical grounds for the
increase in the mechanical rate of drilling during the jet pulse flushing owing to utilization of the generated frictional
thermal energy in the bottom-hole. It is demonstrated that using pulse flushing intensifies the processes of thermal
cycling degradation of the mining rock.

Practical implications. It is demonstrated that the pulse flushing mode has a potential to improve the performance of
diamond core drilling. The outcomes of the research can be useful for grounding the specifications of the jet pulse

flushing method during the development of the energy saving modes of diamond core drilling processes.
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1. INTRODUCTION

Borehole drilling is one the most power consuming
processes during exploration, survey and mining of
mineral resources. It is important to understand the need
to process deeper layers of mineral deposits at the current
stage of the modern drilling methods development. This
requires carrying out drilling works in hard and solid
mining rocks located at very deep levels. Rotary diamond
core drilling is the major method of drilling hard and
solid rock formations. Nowadays, however, the conven-
tional technologies of rotary drilling with time-constant
mode parameters seem to have reached a certain limit of
performance. Many researchers worldwide are eagerly
looking for the possible ways to enhance the perfor-
mance of the rotary diamond core drilling processes.

There are various approaches to solve this task. Many
researchers, such as (Li et al., 2015), use surfactants to
treat the bottom-hole surface during drilling. These sub-

stances make it possible to decrease the surface energy of
the rock and increase the mechanical rate of drilling.
Another approach to enhance the drilling performance is
implemented in the techniques which combine the rotary
drilling with some other ways of drilling. For instance, it is
possible to rise the mechanical rate of drilling in hard and
solid rocks by using the mechanical specific energy of the
boring tool and hydraulic power of the flushing liquid
(Mohan, Adil, & Samuel, 2014), the combined use of
mechanical and electrical impacts on the rock (Vazhov,
Datskevich, Zhurkov, Muratov, & Jeffryes, 2017), com-
bining of percussion boring and rotary drilling (Kon-
dratenko, Timonin, & Patutin, 2016; Zha et al., 2017) etc.
One of the most promising techniques to enhance the
performance of deep holes drilling is the combined use of
mechanical and heating impacts (Rauenzahn & Tester,
1989; Rossi, Kant, von Rohr, & Saar, 2017). These tech-
niques are known as thermomechanical methods. High
temperature jets are most commonly used as the source
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of thermal energy in thermomechanical methods. At the
same time, friction heat generated on the bottom-hole
surface is the source of thermal energy in the traditional
diamond core drilling. It is widely known that only a
minor fraction of power generated in the bottom hole
area is utilized for rock decomposition (Simon, 1963).
The main portion of the mechanical power (up to 98%) is
transferred into the thermal power during bottom-hole
drilling. Thus generated thermal power may be utilized
as a reserve which is capable to increase the efficiency of
rock decomposition in conventional rotary drilling.

It is possible to use thermal factor for rock decompo-
sition by switching the bottom-hole flushing mode to the
pulse mode. Various physical effects related to the
changes in hydraulic dynamics during pulse flushing
were in detail discussed earlier (Dreus, Lysenko, Ko-
zhevnykov, & Liu, 2017). The outcomes of the conduct-
ed research (Dreus, Kozhevnikov, Lysenko, & Sudakov,
2016) testify that the pulse flushing mode allows to
increase the contact temperature and enhance the rate of
drilling. On the one hand, change in the temperature
mode during the pulse flushing enhances thermomecha-
nical impact on the rock. On the other hand, such thermal
cycling impact results in the growth of rock brittleness.
The combined action of the said factors leads to reduc-
tion in power consumption during rock decomposition
process. However, the correlation of the achieved effects
has not been properly studied until now and, therefore,
requires further examination. The article deals with the
outcomes of the research and analysis of the rock
decomposition process using the pulse flushing mode
during borehole drilling.

2. EXPERIMENTAL STUDY

The research into drilling borehole pulse flushing
technique, in particular, the interrupted flushing, was
carried out at National Mining University (Dnipro Uni-
versity of Technology, Dnipro, Ukraine). The interrupted
flushing is characterized by the phase of pause in the
flushing liquid supply. Therefore, the flushing liquid
flow in the hydraulic system of the drill bit is halted
during the pause, thus bringing the convective heat ex-
change down to zero. It allows to rise the contact temper-
ature to the values which can be limited only by the heat
resistance of boring tools. To characterize pulse flushing
mode, we have introduced the intermittency factor kiu
which can be determined as a ratio:

_ Tpause

ko =

int 5
T flow

(1

where:

Tpause — PauUSE duration;

70w — fluid feed duration.

Drilling has been performed with a single-layer dia-
mond core of 01A3 type, 59 mm diameter, with four
flushing channels (Fig. 1). Drilling was performed on a
granite block of IX drillability category. Water was used
as drilling fluid. ZIF-300 Rig equipped with auxiliary
gear box together with NB-3 drilling pump are the main
test bench components. EMR-2 flowmeter was used
additionally for recording and control of drilling condi-
tions. General view of test bench is presented in Figure 2.
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Figure 2. Test bench general view: 1 — rock drilling machine
ZIF-300; 2 — kelly stem; 3 — drilling tool; 4 — com-
puter; 5—power supply unit; 6 — electronic inter-
face; 7 — granite block

Flushing mode was changed during drilling with
01A3 core bit. Drilling was done in continuous flushing
mode with the intermittency factor k=0, and in inter-
mittent flushing mode with intermittency factor values of
kinw=0.2 and ki, = 1. Drilling was conducted at different
rotation speed and axial load values.

3. RESULTS AND DISCUSSION

The mechanical rate of drilling under various modes
of flushing was determined in the experiments. To
evaluate the drilling performance in pulse flushing
mode as compared to the drilling with time-constant
flushing, we use the efficiency ratio between the
mechanical rates of drilling:

Vpulse

Keff = yconst ’ )
where:

yruise — mechanical rate of drilling in pulse flushing
mode;

peonst — mechanical rate of drilling in constant flushing
mode.

The mechanical rate of drilling is defined by the
widely known formula:
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N

T )

where:

N — bottom-hole efficiency;

S — bottom-hole surface area;

A — power intensity of the rock decomposition in the
pulse and constant flushing modes, respectively.

The rate of drilling under the constant and pulse
flushing shall be determined as:

Neonst N pulse

Vconst _ Vpulse _

Aconst . Sconst ’ A pulse Spulse - @

Based upon the (2) and (4), under the same values of
bottom-hole efficiency NP**¢ = N°o and equal figures for
down-hole surface areas SP¢ = S the increase in the
mechanical rate of drilling seems possible to achieve

only by reduction of power consumption related to rock
decomposition process:
-1
(1 - ] ’
where:

AA4 —reduction of rock decomposition power con-
sumption due to transfer to pulse flushing mode.
From (2) and (5), it follows that:

-1
1
Kejf

Table 1 lists the results of calculations of the ratio Ky
and decrease in the rock decomposition process power
consumption during granite drilling based on the experi-
mental data.

Aconst
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Aconst

Keﬁ = (Aconst )

—44)

AAd = Aconst [1 _ (6)

Table 1. Reduction of power consumption of the rock decompo-
sition process during drilling in pulse flushing mode

AA
. const 3
N, kW Kint Kejf A 5 kJ/m K/me %

1.0 220 2660-10° 54.5

103
17 02 2.00 4880-10 2440-10° 50.0
1.0 1.45 583-10° 31.5

103
34 02 1.18 1850-10 282-10° 15.3

As evident from the data in Table 1, the pulse flushing
mode allowed decreasing of power consumption by rock
decomposition process within the range from 15.3 to
54.5%. The decomposition power consumption decreases
along with the increase in the bottom-hole efficiency both
in constant flushing and pulse flushing modes.

It should be noted that a greater relative reduction of
the power consumption by the rock decomposition pro-
cess was revealed for the lower level of the bottom-hole
power. This fact is a clear evidence that the pulse flush-
ing mode has a potential for further increase in drilling
performance in conditions of deteriorating bottom-hole
efficiency, in particular, during deep drilling. According
to the data presented in Figure 3, the reduction of power
consumption also depends on the flushing liquid inter-
mittency factor.
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Figure 3. Reduction of granite decomposition power con-
sumption AA correlation with the flushing liquid
intermittency factor at the bottom-hole power level
N 1.7 kW (1) and 3.4 kW (2)

Hence, the increase in the decomposition process per-
formance during the pulse flushing is ensured not only by
the mechanical power gain. Flushing mode with intermit-
tency factor k;,, = 1.0 ensures more significant gain of the
mechanical rate of drilling than for k;,,=0.2. It can be
explained by longer pause, which results in more
substantial heating of the rock so that the power balance
is redistributed on the bottom-hole area. The additional
heat power is the factor that ensures the reduction of the
power consumption by rock decomposition process.

There are several reasons causing power consumption
reduction during rock decomposition process when the
contact temperature of drilling is growing. Various phys-
ical effects are known to take place in rocks under high
temperatures (Zhang, Sun, Hao, Geng, & Lv, 2016), such
as change in mechanical properties, structure, waves
propagation speed etc. The analysis of geomechanical
processes while drilling (Mishnaevsky, 1995) reveals that
the impact on the subsurface cracks is the most efficient
method to reduce the power consumption of rock
decomposition process.

When drilling in pulse flushing mode, such impact
can be ensured by increasing the difference between the
contact temperature and the temperature of flushing
liquid. Rotation of the drilling tool creates the thermal
cycling effect. The research (Dreus, Sudakov, Ko-
zhevnykov, & Vakhalin, 2016) demonstrates that due to
the temperature drop from 7) to T, the tensile stresses
emerge in the parallel surfaces of the bottom-hole area:

__EB(T,-T.)

* = B

o %)

where:

E — Young’s module of the rock;

f — coefficient of the rock linear expansion;

1 — Poisson ratio of the rock.

The minimum length of the crack /min, which opens
by the said tensile strength, can be found from the Grif-
fith’s energy fracture criterion:

K2

* = 5

T lmin

®)
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where:

K — constant of the material.

The cracks with [> [, length can turn into changea-
ble state under the said stress. To achieve this condition, it
is necessary that the cooling time should exceed the cer-
tain value tmin — delay time. The following formula can be
used to determine the delay time in case of intensive cooling
(Moskalyov, Pigida, Kerekelitsa, & Vakhalin, 1987):

)

where:

[/ —length of the crack;

a — mining rock temperature diffusivity coefficient.

In order to carry out the quantitative estimation of
rocks susceptibility to decomposition under the thermal
cyclic impact, the criterion called resistivity to thermal
cyclic decomposition is used herein (Moskalyov, Pigida,
Kerekelitsa, & Vakhalin, 1987):

1Y (1-p)

H=2.39—(1j L =£ .
a\ E yij

Let us consider the performance of thermal cyclic

degradation in the course of diamond core drilling of

various mining rocks whose particular features are pre-
sented in Table 2 below.

(10)

Table 2. Physical-mechanical and thermophysical parameters

of rocks
A
E-101°,  B105, K-106, a0,
Rock N/m? K N/m?? Wi m%/s
(m'K)
Granite 2.9 1 0.10 170 240 0.89
Ferrous 67 135 021 320 285 170
quartzite
Sand- 49 025 028 237 180 122
stone
Diorite 7.4 1.00 033  1.60 220  0.65

Table 3 represents the results of rocks degradation
under the temperature gradient on the bottom-hole sur-
face of 600°C. It corresponds to the conditions of dia-
mond core drilling process. Considering that the time of
cooling in rotary drilling is very short, it becomes obvi-
ous that the less delay time, the more beneficial condi-
tions are ensured to utilize the thermal cycling effect.

Table 3. Mining rocks thermal cycling degradation parame-
ters while drilling in pulse flushing mode

Rock Imin, mm Tmin, S N, s-K*
Granite 0.035 0.001 2.75-107
Ferrous 0.070 0.004 1.07-107
quartzite
Sandstone 0.100 0.990 1.32-10"
Diorite 0.007 0.0003 1.53-10°

The obtained results testify that the performance of
thermal cycling degradation is not the same for different
rock formations. The rocks with high H values can soften
only under continuous cooling of the bottom-hole sur-
face. For example, the sandstone the thermal cycling
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effect will be less pronounced. The demonstrated results
are confirmed by the experimental research (Zhang et al.,
2017) which established that during rotary drilling of the
sandstone, the difference of temperatures between the
rock and cooling liquid shall not ensure any increase in
the drilling speed.

Processes with short-term temperature drops can be
applied to the rocks with relatively small values of N. For
example, initial cracks of small length are required for the
efficient degradation of diorite, while the decomposition
process delay time comprises only a few milliseconds,
which can be achieved during diamond core drilling.

4. CONCLUSIONS

Application of the pulse flushing mode makes it pos-
sible to achieve the reduction of power consumption of
rocks decomposition process and to increase the mecha-
nical speed of diamond core drilling process.

When the pulse flushing mode is used, the values of
relative reduction of the rock decomposition process are
higher at the lower levels of bottom-hole power. The
pulse flushing mode, therefore, secems to have a great
potential for enhancing both the performance of deep
drilling and in the conditions where it is impossible to
ensure high levels of bottom-hole power.

Mining rocks decomposition under the pulse flushing
mode has a dual mechanism. On the one hand, the con-
tact temperature is rising along with thermal degradation
of the rock. On the other hand, the process of the rock
cracking is intensified due to the thermal cycling effect.

The efficiency of thermal cycling impact during dia-
mond core drilling with pulse flushing mode depends on
the physical and mechanical properties of the rock.
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EHEPIOEMHICTD ITPOIIECY PYHHYBAHHS I'TPCHKHUX ITOPIJT
IIPA AJIMA3ZHOMY BYPIHHI 3 IMITYJIbCHUM NTPOMUBAHHAM

A. KoxeBHUKOB, A. Jlpeyc

Merta. JlociipkeHHS BIIMBY iMITYyJIbCHOTO PEXHMMY IPOMHUBAHHS Ha EHEPrOEMHICTH MPOIeCy pyHHYBaHHS T'ipCHKOT
TIOPOAN TIPH alIMa3HoOMy OypiHHI.

Mertoauka. bypinnas 3xailicHIOBaIOCH 110 070Ky TpaHiTy IX kaTteropii 3a Oypumictio. [l mpoBeeHAS HOCIIIKEHb
BUKOPHCTAaHO EKCIIEPUMEHTAIBHUN CTEHI, IO CKiIagaeTsecs 3 OypoBoro Bepcrata 31D-300 3 nomaTkoBor KOpOOKOIO
mepenad i Oyposoro Hacoca Hb-3. [l peectpaltiii Ta KOHTPOIIO PEKUMHHX MapaMeTpiB OypiHHS BUKOPHUCTAHO BUTpPa-
toMip EMP-2. B sikocTi mpOMHBHOI piiIvHA BUKOPUCTOBYBaJIaCh BOJIa. BypiHHS 3[1HCHIOBAJIOCS OJJHOILIAPOBOO aiMas3-
HOt KopoHKot 01A3 niameTpom 59 MM 3 HoTHpMA MPOMUBATBHUM KaHAJIAMH.

Pe3yabraTu. BusHaueHo MexaHiuHy IIBUIKICTh OYPiHHS IPH Pi3HUX BUAaX MpOMHUBaHHs. JlaHo TeopeTHuHe o0rpy-
HTYBaHHS 30UIBIICHHIO MEXaHIYHOI MBHIKOCTI OYpiHHS INpH IMITyJCHOMY NPOMHBAHHI 32 PaXyHOK BHUKOPHCTaHHS
TEIUIOBOI SHEepTril TepTs y BUOOI, 110 TeHEPYEThCs. BCTaHOBJICHO, 10 30UTBIIICHHS MEXaHIYHOT IIBUIKOCTI OypIiHHSI MO-
JKITMBO JIMILE 32 PaxyHOK 3HIDKEHHS €HEProeEMHOCTI MpOLeCcy pyHHYBaHHS TipcbKol mopoiu. J[OCATHYTO 3HM>KEHHS
€HEeproeMHOCTI TIpoliecy pyHHYBaHHS IMOPOIM NpH OypiHHI 3 IMITyTbCHUM ITpOoMHUBaHHAM Ha 15.0 — 54.5%, mipu mipomy 3
TTiIBUIIEHHAM DPiBHSI BUOIHHOT IOTY>KHOCTI €HEPrOEMHICTh pyHHYBaHHS 3HWKYETHCS SIK Y BHITQJIKY IIOCTIHHOTO POMH-
BaHHS, TaK 1 B pa3i iMITyITbCHOTO. BCTaHOBIICHO, IO €(hEKTHBHICTH TEPMOITUKITIYHOTO BIUTUBY MIPH aIMa3HOMY OYpiHHI 3
IMITYJTbCHAM TIPOMHBAHHIM 3aJICKUTH BiJl (Pi3UKO-MEXaHIYHUX BIACTUBOCTEH TipCHKOI IIOPOIH.

HaykoBa HoBHU3HA. BusBiieHo, 1m0 eeKTHBHICTH Mporiecy OypiHHSA 3pocTae 31 30UIBIMICHASM Tay3W B TOJadi IMpo-
MUBHOI piIWHH, TIPU [IOMY BIIHOCHE 3HIDKCHHS €HEPrO€MHOCTI PYHHYBaHHS TipCHKOI MMOPOIHN 30UIBIIYETHCS TIPH 3ME-
HIIIEHHI PiBHS BUO1MHOI OTYXHOCTI.

IMpakTHyHa 3HaYUMicTh. IMITyTbCHE MPOMHBAHHS € Pe3epBOM IiJBHIICHHS €()DEKTHBHOCTI ajIMa3HOTO OypiHHS.
PesynbraTi TOCHIIPKEHHST PEACTABISIOTH IHTEpPEC AJIsl OOTPYHTYBAaHHS MapaMeTpiB TEXHOJIOTIi IMIyJIbCHOTO TPOMH-
BaHHS IIPH po3po01i eHeproe(heKTHBHUX PEXXKUMIB alIMa3zHOTO OYpiHHSL.

Knrouosi crnoesa: armasmne Oypinns, 2ipcoki ROpoouU, eHepeoEMHICMb, NPOMUBKA, MEPMOYUKIIUHUL 6NIUG

SHEPTOEMKOCTbD TPOIECCA PA3PYIIIEHUA I'OPHBIX ITIOPO /I
IIPU AJIMA3HOM BYPEHHUHU C UMITYJIbCHOM TIPOMBIBKOM

A. KoxeBHUKOB, A. Jlpeyc

Ieas. MccnenoBanue BIMSHUSA UMITYJIBCHOTO pEXHMMa MPOMBIBKM Ha SHEPrOEMKOCTh Ipoliecca pa3pyLIeHHUs rop-
HOM TTOPOJIBI TIPH AJIMa3HOM OypeHHH.

Metoauka. bypenune BeIIONHSUIOCH 10 010Ky rpanuTa IX kateropuu o 6ypumoctu. Jlist mpoBeaeHHs HccllenoBa-
HUH UCIIONB30BaH HKCIIEPUMEHTAIBHBIA CTEHI, cocTosmui n3 OypoBoro cranka 3M®-300 ¢ momorHUTENTLHON KOPOO-
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Ko# mepenay u 0yposoro Hacoca HB-3. Jlnst peructpanuy U KOHTPOJIA PSKAMHBIX TApaMETPOB OYpEHHs UCIIOIB30BaH
pacxonomep OMP-2. B kadyecTBe MPOMBIBOUHOM >KHUIKOCTH HCIOIb30Balachk BoAa. bypeHHe OCyIIeCTBISIIOCHh OIHO-
cioitHoit anmasHol kopoHkoi 01A3 nuameTpom 59 MM ¢ 4eTBIpbMSI IPOMBIBOUHBIMU KaHAJaMH.

PesyabTaTsl. OnpeneneHa MexaHn4Ieckasi CKOPOCTb OypeHHsI TP Pa3HBIX BHIaX MPOMBIBKH. J[aHO TeopeTHyecKoe
000CHOBaHHE YBEIMUYCHUS! MEXaHHYECKOH CKOpOCTH OypeHHs NpH HMITYJIbCHOH NPOMBIBKE 3a CHET HCIOJIb30BaHUS
TeHEpUPYEMOH TETJIOBOW SHEPTUH TPeHHUs B 3a00€. YCTAaHOBIIEHO, YTO YBEJINUEHHE MEXaHHMYECKOW CKOPOCTH OypeHus
BO3MOJKHO TOJIBKO 3a CUET CHIDKCHHSI SHEPTOEMKOCTH IIPOIiecca pa3pyIleHNs] TOPHOU MOpoabl. JJOCTHTHYTO CHI)KEHHE
9HEPTrOEMKOCTH IPOIIECcCca Pa3pyIICHHs MOPOABI IIPpH OYPEHNH C UMITYJIBCHOM poMbIBKOH Ha 15.0 — 54.5%, npu sToM ¢
TIOBBIMICHNEM YPOBHS 3a00WHON MOIIHOCTH 3HEPrOEMKOCTh Pa3pyIICHHs CHIXAETCS Kak B Cllydae MOCTOSHHOW Mpo-
MBIBKH, TaK ¥ B CIIydae UMITYJIbCHOH IIPOMBIBKU. Y CTAHOBJIEHO, YTO 3()(HEKTUBHOCTD TEPMOLIMKIMIECKOTO BO3IEHCTBUA
MIPY aJIMa3HOM OYpPEHHH C UMITYJIbCHOM ITPOMBIBKOM 3aBHCHUT OT (PU3NKO-MEXaHUYECKUX CBOMCTB FTOPHOW TOPOJIBI.

Hayunasi HoBU3HA. BbIiBIeHO, 4TO 3 QeKTHBHOCTE mponecca OypeHHs: BO3pacTaeT C yBEINYSHNEeM I1ay3bl B [IOAa-
Ye TIPOMBIBOYHOI KHUIKOCTH, IIPU 3TOM OTHOCHUTEIBHOE CHIDKEHHE YHEPrOEMKOCTH pa3pyLleHUs] TOPHOU MOPObI yBe-
JIMYUBAETCS IPU YMEHBILICHUN YPOBHS 3a00HHOI MOLITHOCTH.

IIpakTnyeckast 3HAYNMOCTB. VIMITyJIbCHASI TPOMBIBKA SIBIISIETCS] PE3EPBOM TOBBIIEHHST () (HEKTUBHOCTH aIMa3HO-
ro OypeHus. Pe3ynpTaThl MiccienoBaHUs NPEICTABISIIOT HHTEPEC sl 0O0CHOBAHHS MapaMeTPOB TEXHOJIOTHH UMITYJIbC-
HOM TIIPOMBIBKH ITPH pa3padboTKe F3HEProdP(PEeKTUBHBIX PEKUMOB aIMa3HOTO OypEeHHsL.

Knrouesvie cnosa: anmasnoe 6ypenue, 20pHbie HOpOObl, IHEP2OEMKOCHIb, HPOMbIEKA, IEPMOYUKTUYECKOE 8030eliCHISUe
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