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Annomayus: TeXHNKO-IKOHOMIUUECKME [TOKA3aTeIM MMPoIecca 6ypeHyst CKBaKMHbI BO MHOTOM
3aBUCST OT KOHCTPYKIMKY GYpOBOro MHCTpyMeHTa. HecooTBeTcTBME KOHCTPYKIMM GYPOBOrO
IOJIOTA TOPHOTEXHUYECKMM YCJIOBVSIM MIPUBOOUT K CHMKEHMIO CKOPOCTY OYPeHMsT U YMEeHb-
IIIEHMIO CPOKA CJTY3KObI CAMOTO MHCTPYMEHTA, YTO B CBOIO OUEpe[b CBSI3aHO C YBEIMYEHMEM
9KCILTYaTAlMOHHBIX PACXOJOB U MOTPEGIIeHNsT /IeKTPOIHEPrun. i 1aIbHENIIIero moBbiiie-
HUST TIPOU3BOIAUTEILHOCTY U TEXHUKO-IKOHOMMUECKUX TOoKasaTesieii 6ypoBOro MHCTpYMeHTa
HEO6XOIVMbI HOBbIE KOHCTPYKTMBHbBIE pellleHNs. PaccMOTpeHO KOHCTPYKTUBHOE pellieHie IJist
paspabOTKy HOBOTO 6YPOBOIO I0JIOTa, & TAKyKe JIaG0paTOPHbIN CTEHT IJIs1 M3YUYEHNsI Ipoliecca
MeTofa peskylie-abpasuBHOro 6ypennus. [TokasaHbl yTH COBEPLIEHCTBOBAHMST PAGOTHI U TIPO-
M3BOAUTETLHOCTY 6YPOBBIX IOJIOT C OAMHAKOBBIMY 3HAUEHMSIMIM HArPYy3KU U M3HOCA 3yObeB HO-
BOJ KOHCTPYKIIMM I0JIOTa. 3aTPOHYThI BOIIPOCHI BHIGOPA ONTUMAJIbHBIX 3HAYEHMI TPAEKTOPUMI
IOBIVKEHVSI 3y6beB MOJI0Ta, a TAKyKe METOMIbI OIIPeIeIEHNST CETKI TIePEKPBITHS 326051 CKBAsKMHbI
C UCIIOJIb30BaHMEM J1aG0PaTOPHOrO CTEH/Ia HOBOM KOHCTPYKIMM Hoji0Ta. HoBast KOHCTPYKIMS
MMeeT PSiJi JOCTOMHCTB: PAaBHOMEPHBIN M3HOC 3yObeB, OTPeie/IeHHOE UIC/I0 TIepefaTOuHbIX OT-
HOIIIEHW, paBHbIE UMC/Ia KOHTAKTHBIX 1 0ObEMHBIX pabOT IO 3yObsIM T0JIOTA, TIPY YBETUUEHUN
0CEBOJI HarPy3Ky Ha [OJIOTO PAaBHOMEPHO IT0 paboJeli U0/ YBeJINYMBAIOTCS BCe TIoKa3aTe-
JIX TOJIOTa, He TpebyeT BhIUMCIEHUN IS oTpenesieHus Hanbosiee 3(pGeKTUBHOTO KOJIMUECTBA
3yObEeB.
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Abstract: The technical and economic performance of well drilling largely depends on the
design of a drilling tool. Inconsistency of the drill bit design with the geotechnical conditions
decreases the rate of drilling and shortens the service life of the tool, which, in turn, increases
the drilling cost and electrical energy consumption. For enhancing the productivity and perfor-
mance of drilling tools, new design solutions are required. This article presents the structure of
the lab-scale bench tester for studying the process of cutting-abrasive drilling with a drill bit.
The authors discuss the ways of improving performance of the new-design drill bits by ensuring
uniform loading and wear of the bit teeth on the novel bench tester to practice the mechanism of
rock destruction at well bottom. Optimization of the bit teeth paths and well bottom coverage is
addressed. The new-generation drill bits designed with assistance of the new bench tester will
be advantageous for the uniform wear of teeth, certain number of gear ratios, as well as for the
equal contact and volumetric destruction per drill bit teeth. Furthermore, with increase in the
axial load on the bit, the drill performance will increase evenly over the well bottom area, and
no computational formulas are required for determining the most effective number of teeth.

Key words: drill bit, turning pair, cutting-abrasive drilling, bench tester, trajectory, working
matrix, uniform work of teeth, parallel rotation axis.
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Introduction

The scope of engineering, design and
manufacturing of rock drilling tools en-
compasses a huge number of standard siz-
es and modifications. Generally, two kinds
of tools are in use in drilling: roller cone
bits and drag bits. Roller cone bits destruct
rocks by impacts while drag bits operate
in the mode of shearing both in soft and
medium-strength rocks [1].

Drilling modes naturally depend on the
drilling conditions, and the size and type
of drill bits are governed by the design
various-purpose wells in mineral explora-
tion and mining, and in oil and gas indus-
tries [2].

At this stage of development, a theoret-
ical framework is required to design more
efficient drilling tools. At first, the theoret-
ical search was limited to the physical and
mechanical properties of rocks. Then, the
parameters of the drilling modes were in-
volved to some extent. Generally, the studi-
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es had no positive results, and researchers
tried to attempt deterministic modeling of
efficiency criteria of drill bits at well bot-
tom. The theoretical studies showed the
task was not easy as it was necessary to
construct a theoretical deterministic model
of interaction of drill bits. That involved
certain difficulties associated with both the
methodology of the deterministic mode-
ling and the calculatabilty of objective ser-
viceability criteria of drill bits. The latter,
as practice has shown, is connected with
the most complex computational algorithms
and sophisticated computers.

Finally, such model was built in the
1970s in Uzbekistan and made it possible
to optimize dynamics of roller cone bits
on a deterministic basis. This technique
was implemented at the design bureaus of
all four drill factories in the former CIS
countries.

Optimization of cutting structure of
three-cone and single-cone bits have yiel-



ded significant and positive results. They
included elimination of uneven loading
exerted on legs of cones of three-cone bits,
levelling of volumetric destruction per co-
nes of three-cone bits, as well as reduction
and equalization of abrasive wear of the
top and side rims of cones with regard to
steppedness of single cone bits.

Despite the successful equipment op-
timization, the causes of vibration of drill
bits at well bottom remained unknown,
and geometrization of drill legs was com-
plicated, while those issues were impor-
tant and of interest to find the causes of
packing.

In other words, the issues of the dy-
namics of drill bits remained a stumbling
block in the way of finding universal and
general assessment criteria for the perfor-
mance of drill bits.

The difficulties and impossibility of
finding the causes of the above-Llisted phe-
nomena at well bottoms and of design-
ing bearing units for cones lasted until
B.L. Steklyanov discovered the so-called
‘mechanism of energy consumption ver-
sus travel resistance in dynamic systems’
[3]. Therefore, this study pays much at-
tention to the physics of this mechanism.
This mechanism has made it possible to
determine the causes of the above-listed
phenomena, and, consequently, to find the
ways to eliminating them. As a result, the
drill bit design efficiency can be improved
on an objective scientific basis.

The goal of this study is to test experi-
mental designs of drill bits, such that all of
the above negative reasons are eliminated
to a fairly complete extent. Therefore, we
focus optimization on design variables of
a single-cone bit and a bit which operates
as a turning pair.

Regarding the drill bits operating as
turning pair, we are going to present both
the theoretical design framework for such
bits and a testing plant to practice the me-
chanism of rock destruction at well bottom.

The new type design used the opera-
tion principles of the tricone drill bit. The
roller cone bit with steel teeth is used in
softer incoherent rocks. Teeth on the roll-
ers are large and sharp, so they can pen-
etrate deeply into soft rock and crush it,
after which drill cuttings are removed [4].

Our theory of a new the type drill bit
includes uniform loading and strict mo-
tion trajectory of the bit teeth.

Materials and methods

Nowadays, it is already clear to eve-
ryone, and especially to specialists, that
drilling is a very complex dynamic process
involving phenomena that are difficult to
comprehend and, even more so, to model
mathematically. In order to make it clear
what we are talking about, there are two
illustrative examples of such drilling phe-
nomena below.

First, until very recently, such phenome-
non as the multifaceted shaping of cross-
sections in wells was not understood. And
only now it has become clear that the es-
sence of this unordinary phenomenon lies
in the classical principle of the least energy
consumption during functioning of dyna-
mic systems. This principle was known
back in the 18th century, while the mul-
tifaceted shaping of cross-sections in well
drilling has become explicable only now [3].
This phenomenon was also observed when
drilling holes in metals, which forced cali-
bration of the holes drilled.

Secondly, in drilling wells with drill
bits of any design, the phenomenon of
packing is known [5]. Packing leads to a
drop in the drilling speeds and, accord-
ingly, to a jump in the drilling cost.

For instance, when drilling wells in
clay layers with tricone bits, the penetra-
tion rate was limited to 1.5 meters per
hour regardless of operating conditions. In
the same conditions, the penetration rate
of drilling with a one cone bit was even
lower — less than one meter per hour. This
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phenomenon is paradoxical but it is al-
ready taken for granted in the drilling
practice. And the reason is that people do
not fully understand many processes tak-
ing place around them, and do not under-
stand the natural essence of the dynamic
processes but take it for granted.

For example, packing of drill bits in
sticky clay is self-evident as the draught
of sugar particles to the center of the swirl
made in a cup of liquid (water, tea).

But it has now been proven that the
cause for such unusual phenomena lies, ul-
timately, in the same mechanism of energy
consumption subject to travel resistance in
dynamic systems. The point is that heavy
streamlined particles move according to the
least energy input principle and find their
place on the axis of swirling flows [6].

Nowadays, everyone understands how
complex the process of drilling is, and es-
pecially the process of rock destruction at
well bottom. And everyone realizes the
role of the rock drilling tool model in this
process, with all its constituents, namely,
dynamics of bits, dynamics of chucks and
dynamics of chip removal from well bot-
tom. The correct formulation and effective
solution of the associated problems can
provide quite definite economic benefits.

Well bottom coverage

grid determination

using bench tester

We would like to notify right away that
our design of the rock drilling tool has no
analogues in world practice. As a matter of
fact, the Maupertuis-Lagrange principle
has always been interpreted as a limit in
a limited framework, that is, it is limited
to a breakaway point, to a preset time mo-
ment, etc. That was true for the same prin-
ciples of other researchers, which disabled
analysis of a dynamic system in time and
space. Ultimately, that limited general un-
derstanding of the nature of functioning of
dynamic systems and, thus, constrained
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optimization of even the simplest techni-
cal problems.

After all, it is quite clear that the para-
doxical effect observed with an increase in
velocities and forces on dynamic systems
should somehow be explained using exact
theories and, first of all, on the basis of
the aforementioned Maupertuis-Lagrange
principle.

Certainly, at low speeds and under low
loads, many technical structures have been
modeled, manufactured and successfully
operated.

At the same time, a question arose: If
a dynamic system, under certain condi-
tions, functions obeying the Maupertuis—
Lagrange principle, then where does it
head and finally come?

In order to answer this questions, the
authors chose an experimental model in
the form of a symmetric disk with rubbing
protrusions and, at the fixed time interval
of one revolution around an immobile cen-
ter, calculated energy consumption in all
possible modes of functioning: centric, ec-
centric and bicentric.

Moreover, the contact paths to have no
influence on the model performance were
assumed. It was shown that the phenom-
ena of the Maupertuis—Lagrange principle
were inherent to technical, hydrodynamic
and aerodynamic systems.

These comments are to back the re-
search into operation of a dynamic system
represented by a rock drilling tool in the
mode of a turning pair.

Thus, it is necessary to demonstrate
experimentally feasibility of designing
higher effective drilling tools operating in
the mode of turning pairs. To this end, we
have built a device, or more precisely, an
experimental bench tester, to offer a new
way of designing drilling equipment. First
of all, this is connected with simple and
more reliable engineering solutions on the
dynamics optimization of all constituents
of drilling process: dynamics of the matrix



tools; dynamics of stability of the matrix
relative to the axes of drilling tools, dy-
namics of support units (bearings) of the
matrix in the bodies of drill bits, and, what
is particularly important to us, dynamics
of well bottom cleaning from drill cuttings
[7].

To pass to these practice-focused tasks,
we want to prove theoretical feasibility
of designing such drilling tools so that
to convince even strong sceptics. To this
effect, we have invented, designed and
manufactured an installation with a work
matrix operating in the mode of a turning
pair (Fig. 1).

First, we consider the theoretical proofs
of motion trajectories of the work matrix
protrusions in operation in the mode of a
turning pair.

Development and improvement of dril-
ling tool designs is based on the optimi-
zation of rock destruction at well bottom
subject to abrasion resistance and strength
of the drill bit components as against the
rock being cut and using the drilling effi-
ciency criterion represented by the drilling
cost [8].

The layout of the bench tester consists
of (Fig. 2):

e vertical leg I made fast on some sur-
face, for example, on a table;

e T-shaped suspension 2 fast-fixed on
leg 1 with parallel recess 3 on its bottom;

e holding element 4 to accommodate
axle 5 with bearings 6 with handle 7 arran-
ged above and with ability to move in par-
allel to T- bar &;

* axle 9 fastened to bar 8 in parallel
to axle 5;

e disk-shaped work matrix 10 to ac-
commodate bearing for axle 11 and ho-
les 12.

Results and discussions

Practice shows that the dynamics of
all types of drill bits in wells is unstable.
They always try to escape from the rota-

. -_—

Fig. 1. General view of bench tester
Puc. 1. Obwmii BuA cTeHaa

tion pattern around the well axis and min-
imize inter-axis eccentricity after acquir-
ing it jump-wise [9]. When a drill bit oper-
ates with a variable inter-axis eccentricity,
i.e. in the mode of non-fixed rotation axis,
the chaotic process finally stabilizes. This
produces multi-faceted well cross-sections
[10]. The nature of this phenomenon is cur-
rently theoretically substantiated by the
revealed dependence of energy consump-
tion on travel resistance [11]. When drill
bit operates in the non-fixed rotation axis
mode, the penetration rate increases [12],
and when it operates in the mode of a turn-
ing pair, the wear of drill bits becomes uni-
form.

The main objective in engineering of
new generation rock cutting tools is to cal-
culate the limits of variation of the inter-
axis eccentricities such that operation of
drill bits in the modes of turning pairs is
stable.
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Fig. 2. Layout of work matrix operating in mode of turning pair
Puc. 2. CteHa ¢ pabouyeri maTpuLes, hyHKLMOHUPYIOLLEN B pexxuMe nap BpaLLeHus

Let us prove that any face of the bit To solve the set tasks, we compare
has a range of inter-axis eccentricities for  energies of the work matrix protrusions
self-sustaining and stable operation in the  per unit time (one revolution) in the mode
mode of a turning pair, and that it linearly  of rotation around one given center and in
depends on geometric values. the mode of a turning pair. Let the travel
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Fig. 3. Path of teeth and bit on well bottom

Puc. 3. TpaekTopus aBu>xeHUs 3ybbeB 1 40/I0TA HAa 3a60€ CKBaXKUHbI

resistances at each point of trajectories and
the contact areas of the working protru-
sions be constant, and let the number of
points of the lines be defined by the lengths
of the lines. In this case, the comparative
analysis of energy consumptions versus
travel resistances in different modes of ro-
tation of the bit tip is performed with re-
spect to the values of the contact paths of
the working protrusions.

We choose a system of n points that are
in contact during rotation at the distances
R <R, < ..<R from the center of rota-
tion. The sum of the contact paths:

DS, =2nR, + 2R, +...+2nR =2nY R .
= (1)

In the mode of a turning pair for the
same system of points:

ZSZJ =2ne+2ne+...+2ne=n2ne (2)

j=1

where ¢ is the inter-axis eccentricity, mm.

Ife=R, thenn )
2.5, <25 (3)
j=1 j=1

ife= Rn, then
Zsz,/ > ZSM . 4)
j=1 j=1

It is natural to suppose that there exists
such inter-axis eccentricity when

DS = 2S5 (5)
j=1 j=1

Consequently, for a system of points ri-
gidly connected with the given center of
rotation, there is such inter-axis eccentric-
ity, at which the energies versus travel re-
sistances in the modes of rotation around
the center and in the mode of a turning
pair are equal. We call this value balancing
eccentricity. An eccentricity greater than
the balancing value gives stable rotation
around a preset center, the smaller eccen-
tricity produces the mode of a turning pair.

Since no restrictions are imposed on
the coordinates of the selected system of
points, it can be stated that for any sur-
face in contact there is a whole domain
of inter-axis eccentricities that provide a
stable mode of a turning pair.
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The designed tool is capable to work in
the mode of a turning pair owing to intro-
duction of the second parallel axis of ro-
tation into the tool structure. In this case,
the inter-axis eccentricity never goes be-
yond the radius of the circumscribed circle
of the tool surface in plan, and the preset
surface of the well bottom is completely
covered (Fig. 3).

Alongside with the existing rock drill-
ing tools with a solid bottom and core
drills, it is possible to create core bits for
coring at any cross section, with natural
wedge formation in directional and explo-
ration drilling, etc.

Conclusions

A drill bit made according to the presen-
ted structural scheme will work as follows:

e when the body rotates, the working
part will begin to rotate at the gear ratio
{ =-1, i.e., in the mode of a turning pair
[13, 14];
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* in this case, obviously, each point of
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the physical and mechanical properties of
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of eccentricities €, strength characteristics
and abrasive properties of the matrix tools
made of bit steel or diamond elements.
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