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ABSTRACT

This paper is the following part of our projectpeedict the penetration rate for percussive
drilling with rotary in very hard rock. As resulis [1] have been shown that the rate of
penetration was strong influent by Brazilian temstrength and it was exist the correlation
between the rate of penetration and the rock ptiegerYet, the study was valid on six hard
rocks in experimental result of test tricone antamp with percussive. All relationships have
been shown but the coefficienf B still very low. This paper will present a nealationship
with high value of R based on previous data and also establish a matiainrelationship,
numerical model to predict the penetration rate.

Key words:Hard rocks, ROP, drilling, mathematical model, ntica model.

1. INTRODUCTION TO STRESS WAVE THEORY
1.1. Longitudinal elastic waves in a rod

Consider one long rod, the cross-sectional areatith is equal to A. Let the Young's
modulus and the unit weight of the material thatstibute the rod be equal to E apd(or

density of the materialp, with p=y/g), g is the acceleration due to gravity ands the
Poisson’s ratio. Now, let the stress along seati@nof the rod increase by Fig. 1. The stress
increase along the section b-b can then givesby(0o /0x)Ax . Based on Newton’s second

law: z force= (masg(acceleraton) .
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Figure 1 Longitudinal wave in a rod.

Thus, summing the forces in the x direction,
il 0°u
—UA+(0'+&AXJA = A,oAxat—2 @)
where u is the displacement in the x-direction.
Simplification of Eq. (1) givegquation of motion
do _ d%u
x o
However, we can use the stress-strain relationsbip,= E.£, and strain-displacement
relationship,&, =0u/dx, or,

(2)

o = (strain)(Youngsmodulus) = [g—ijE (3)

Substitution of Eq.(3) into Eq.(2) yields,

0%u (E\ d%
at—f(z)(ﬁ @

Or,
0°u _ (0%
oy == 5
ot? ‘*Eaxzj ®)
where,
v,z £ ©)
P

The equation (5) calletbngitudinal wave equatignand the y is the velocity of the
longitudinal stress wave propagation, sometimes noted c.

« If the rod described above is confined, so thatateral expansion is possible, then
above equation can be modified as,

0%°u __ (0%
= =(5) @
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where,

vV, = |— (8)

M = constrained modulus:M.
-2v)1+v)

1.2. Velocity of particles in the stressed zone
It is important to differentiate between the velpadf the longitudinal wave propagation

(ve) and the velocity of the particles in the stresgede (U). In order to distinguish them,
consider a compressive stress pulse of intengeland duration t'(Fig. 2a) be applied to the

end of a rod (Fig2b). When this pulse is applied initially, a snedhe of the rod will undergo
compression. With time this compression will bensmaitted to successive zones. During a time

interval At the stress will travel through a distanfE = v At .

At any time t>t’, a segment of the rod of lengthwill constitute the compressed zone. Note
that,

u= (%j&) - (%j(vet') ©

Note that u is the displacement of the end of tlie Now, the velocity of the end of the rod and,
thus, theparticle velocityis,

u=—== 10
o E (10)
Substitution of Eq. (6) into Eq.(19)elds,
C_ 0V, g,
u=s——= (11)
VeP VP
Or
o, = u(v,p) (12)

Equation (12) shows that the particle velocity isgortional to the axial stress in the rod. The
coefficient of proportionalityVv, 0, is called thespecific impedancef the material.
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Figure 2.Velocity of wave propagation and velocity of peles.

1.3. Compressive stress at impact contact

Consider a cylindrical piston strikes on a rod ldnlth the blow velocity \§ (Fig. 3),
corresponding to the cross-section, density 0, longitudinal wave propagation,cYoung’s
modulus E, and A, O,, ¢ and E.

Ay Py ey By
Vo

A,y Pa € E;

Figure 3 Schematic picture of real rock drilling in pactiar representative for drop hammer testing.

The mutual compressive force across the interfacgyhich is generated by the impact:
Fo =Vol, (13)

where 4 = ZiZ/(Z, + Z,). Z1= AL P,c, and 4= A, 0,C, are the respective characteristic
impedances of bodies 1 and 2 at the impact intrfac

The amplitudes of the step-like compressive siralses that propagate away from the interface,
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I:o VOZP
0'1 = —2=
A A
(14)
Fo VOZp
g,=-"2= (15)
A A
Or,
o = Vo (APC)(APL) 16
A (Ap) +(A0.C,)
o = Vo (ADC)(APL) a7

A (APG) +(A0.0,)

If the rock drill and the cylindrical piston are deaof the same materigt = 0, = 0,; 1= G=C;
E; = E;= E) and the same cross section A, the amplitufletress pulses generated at contact
impact are given by,

V,E
g, =— 18
1= (18)
V. E
0,=—— (19)
2C

1.4. Bit motion equation and solution

As soon as the piston impacts on the rod witlvéhecity Vo, there is a large contact force P on
contact surfaces of piston and rod. If the bihiséntact with rock surface when the piston hiés th
rod, we assume that the impact force to rock serépials P. During impacting, there is also the
penetration force F acting on the interface ofrtu/bit (Fig.4), and the bit advance in the rock.

In most theoretical treatments of percussive dgllihe bit-rock interaction is described using
empirical force-displacement relationships obtaifmedhe actual bit-rock combination. Commonly,
the force F/displacement u relationship is desdribe piece-wise linear [2, 3] (Fig. 5), this
relationship show the force F is directly propartibto the displacement u,

F=Ku (20)
The equation of motion of the bit and rod is,
du
M e =P(t) - F(t) (21)

where M is the sum of bit and rod mass.

From Eq.(12)we can derive th@article velocity =g /(c. p) with ¢ = « and according to the
continuous condition of velocity at the impact ewd, have the velocity of the bit and rod at a given
time t and the impact force P,

w;v —ﬂ (22)

d  ° p
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P(t) = o(t).A 23)
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Figure 4 The motion of the bit and hammer.  Figure 5 Idealized force/displacement relationship.

From Eq.(22) and Eq.(23) the impact force P(t) lmauerived,

du(t
P(t) = (Vo —%)Apc (24)
Replacing Eq.(20) and (24) on Eq.(21) we have ¢uaion of motion of bit and rod is,
d2u(t) ( du(t)j
M——==|V,—| -Ku 25
dt2 0 dt Am ( )
Or,
2
d uz(t) N Aoc du(t) +£u(t) :E.\/O (26)
dt M dt M M
With the initial condition is,
ut=0)=0
t= *
dut=0) _, ()
dt
» Solution
< One particular solution of Eq.(2a)(t) :%.\/0
s See equation:
2
d“u(t) N Aoc du(t) +£u(t) -0 (27)
dt? M dt M
a?+ 2% 5. K oo (28)
M M
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Case 1

2
. ASO: (%j 4K
M M

Equation (28) has two solutions:

- Aoc N (A,OC)Z _4£
M M M
% 2
~Ax (A,ocjz LS
M M M
% 2
Thus, EQ.(27) has two solutions:
u,(t) =e*
u,(t) =e*

and the solution of equation of motion of bit and,r
K

where G and G are constants, can be determined from initial gmmrd(*),

—Apca2+1
K
C=———V
a-a
Afc(a1+2a2)+1
C,=- AVAS
a —a,
Case 2
2
- f A:O:(ﬂj :4£.
M M
_. __Ac
_a = —_-
a = oM

Solution of Eq.(26):

u(t) =Ce* + G te* +%-Vo
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where G and G are constants, can be determined from initial tomd(*),

Cl = _T.\/O
+ Ax
cre| A
Case 3
2
- I A<O: (ﬂj <4’
M M
- Equation (28) has two solutions:
A + (Apc] 4£i
M M M
as 2
R Cs
M M M
%= 2
Thus, EQ.(27) has two solutions:
(Apc)z LS
_ Ao M M
u(t)=e 2" sin t
2
Apcf LS
_Am, M M
u,(t) =e 2" cos t
2
and the solution of equation of motion of bit and,r
A _, K Axc) _, K
_Ax, M M _Ax, M M
u(t)=Ce 2™ sin t+Ce ™ cos > t+ " v,

where G and G are constants, can be determined from initial damd(*),

C = {2_ (Apc)z}_ Vo
M .K \/m
C,= V,

Apc
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Note: After [3], in the Fig. 4, when the hammer impaitts rod, a compressive stress wawe
is generated in the rod. The wave propagates t@ahedbit where it is denoted lay, (t). At the

bit a reflected stress wavg, is generated. At the rod-bit interface this wavelénoted byJ,
(t). Under the combination action of the incidentl aeflected stress waves, the bit is accelerated
towards the rock, and work W is performed. Whenr#féected stress wav@, arrives at the

rod-hammer interface and the free end of the hammedlected stress waves are again
generated. These waves form a second incidensstrage towards the bit which may or not
cause further work to be done on the rock. Fronesd\points of view, for instance fatigue, it
appears to be advantage to transfer a maximumenfeno the rock during the first stress wave
interaction. From a series analysis of Lundberg,fevend that more than 90% of the impact
energy can be delivered to the rock during thet faitsess wave interaction, the effect of
subsequent stress wave interactions has not balecsis.

1.5. Limitation of stress wave theory

Stress wave theory is a mathematical model, fromelwmthe wave transmission is supposed
to be along a slender bar with uniform section muedliums are full contact on the interface. We
can derive from it that the full contact of bit fitdiace with rock will result in the most efficient
stress wave or impact energy transmission. Howéisris completely contradictory with the
fact that sharper bits drill faster or penetratepgg and they have less contact area with rock
surface in fact; example for a normal button Ibig practical contact area is about 10-20% of the
bit front face area, and the sharper bits thedeagact area [4].

2. NUMERICAL MODELING

In fact, during the past few years, with the rapievelopment of computing power,
interactive computer graphics and topological dstraicture, a large number of numerical
methods and fracture models have been developete$émiarch on the rock fracture process
during percussive drilling [5]. Bruno and Gang H2005 [6] used one numerical tools “Finite
Element Modeling code FLAC3D” to investigate dilpenetration with compression, rotation
and percussion. Their model simulation indicatet tompressive failure due to high impact
force may be dominant rock failure during bit-romdntact, while rock may fail in tension if
there is not enough bottom hole pressure actinghenexposed rock surface. Because rock
tensile strength is usually 1/5 to 1/10 of rock poessive strength, it may fail more easily in
tension if conditions permit. For instance, tensddure can account for up to 90% of rock
penetration when there is no pressure acting onfttipe rock at the hole bottom. We can derive
from it that to achieve the maximum drilling efficicy, encouraging rock deforming in tension
is recommended.

Other interesting result is noted here that theimoph line spacing between the
neighbouring button-bits has been proposed. Thignom line spacing is in fact a function of
the drilled rock properties, the diameter and shafpéhe button-bit, as well as the drilling

conditions:
£ F 213 1-y?
S= _— 245434l Y l+2k.a
o.d 2786853 | EG.
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where

e Sis the optimum line spacing,
e Fisthe drilling force,

*  O_is compressive strength,

¢ dis the size of the button-bit
eV is Poisson’s ratio, Young’'s modulus E,
e G is the energy release rate,

« Ksis coefficient of the button-bit shape (Ks=0 fbetsharp button-bit, Ks=0.8 for the
spherical button-bit, and Ks=1.0 for the blunt batbit),

e aisradius of the contact area
3. RATE OF PENETRATION MODEL
Predicting and interpreting the rate of penetra(R®P) of a drill bit is very importance and
help well planning and optimization drilling opacat. Based on the current understanding, a
rate of penetration model is proposed. In this,pag will present one analytical model of
penetration rate, ROP, to operating condition rstokngth and bit parameters.

3.1. Rock strength confinement

There are accepted methods in the literature tutzde rock confined compressive strength
(TCS) based on rock unconfined compressive strefulfffs) and confinement pressure)(P

TCS=UuCs+p 1FSIN® (29)
1-sin®
TCS=UCS(+aP™>) (30)

Eq.(29) called Mohr-Coulomb strength criterion &wgld(30) was proposed by [7].

where

* ¢ = Rock internal angle of friction,

* P, =the pressure exerted on the rock matrix andjigleto difference of the applied
external pressure (i.e. drilling mud dynamic or togdatic pressure) and the pore
pressure of the fluid inside the rock.

* aand Q are coefficients dependent on rock
3.2. ROP model
We assume that the strain rates caused by a driti percussive drilling are similar in the

triaxial compression test. The confining pressuhictvis applied to the jacketed rock sample is
interpreted as representing the bottom hole diffiisie pressure in a wellbore. We should note
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that there are four main components in percusse& drilling feed, rotation, percussion and
debris transportation [8]. The feed is used to kKbepdrill bit in contact with rock. The purpose
of the rotation is to rotate the drill bit inseits order to operate on new surface at the hole
bottom at each blow and thus achieving a largeunael of crater per impact blown. Operational
variables for a top hammer are defined in Fig. %wsl we propose the following
phenomenological model for the percussive penetratite, ROP, caused only by percussion
component.

Feed, Percussion

\_%/ Rotation

Debris
transportation

Figure 5 Schematic picture of real rock drilling.
Drilling rate, R, equals,
rop= 1.9/ A (31)
dt
where,

* ROP: is the penetration rate (m/min),

» fiis the blow frequency (blow/min),

« dV/dt: is the volume rate of rock removal’(min),

« A:is the hole cross-section area\m

The penetration rate for a given rock can be estichiom Eq. (31) by study the volume
removed in impact tests. Because this volume id ttadetermine, two useful formulas will be
presented in the follow paragraphs.

Theoretically, the penetration rate of a drill dege on the power output (power transmitted
to the rock) and the drilling strength of the rodkbasic equation for penetration rate for all type
of drills is given by,

ROP= f. " (32)
AE'
where,
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* ROP: is the penetration rate (m/min),
» fiis the blow frequency (blow/min),
* P is the power transmitted to the rock,

e A:is the hole cross-section area?X,m

« E’:is the specific energy (N mAn or the energy required to remove a unit volurhe o

rock,

An expression for the prediction of penetratiorerderived by the senior author [9] is given

below,
ROP= f.ﬂ
AFE'

where,
» ROP: is the penetration rate (m/min),
» fiis the blow frequency (blow/min),
» E:isthe energy per blow (N m),

(33)

» 7] :is the efficiency of energy transmission from ¢m#él bit to the rock,

A: is the hole cross-section area?X,m

« E’:is the specific energy (N mAn or the energy required to remove a unit volurhe o

rock.
Cutter Rock Impact Energy Autoclave Pressure
PDK 16 mm Granite 254 0.1 MPa
PDK 11 mm Amphibolite 50 J 5 MPa
| 1 L |
Chisel | Gabbro . 754 | 10 MPa
o T _ _ - T o
Cone Diorite 100 J 20 MPa
‘ L J‘ - - 7 L — J I
F 57 (round) L1250 | 2535 MPa |
150 J 50 MPa

Figure 6 Test matrix for the Clauthal work. Dashed linedicate options that were not fully tested [10].

The above equation shows that the penetratiorigg@®portional to blow energy and blow
frequency, as well as being inversely proportiomalthe specific energy. The efficiency of
energy transmission , denotes that proportion of energy per blow that goes into rock
breaking. The obvious maximum (100 per cent entiagysfer) and minimum (O per cent energy
transfer) limits orv) are respectively, 1.0 and 0.0.
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It is well known from previously published works [8] that specific energy in rock cutting
is effected significantly by cutter geometry andk@roperties. Ralf Luy 1992 [10] worked with
4 rocks (Granit, Amphibolit, Gabbro, Diorit) and/di different cutters were used. The shapes
and dimensions of these cutters and rocks propate presented in the Fig.6 and Table 1.

Table 1 Compressive strength and densities of the roekispens [10].

Rock type Compressive Strength, MPa Density, g/ch
Granite 167 2,593
Diorite 180 2,959
Gabbro 281 2,620

Amphibolite 302 2,770

We can derived from his results that the specifiergy, E’, is a function linear of bottom hole
pressure, Eq.(34).

E'=aR +b (34)

where,
E:: is the energy per blow (N m),
a,b: are the constants, depend on the rock prepeatid impact energy,
P,: is the bottom hole pressure.
Substituting the Eq.(34) in Eq.(32), (33), the gexteon rate can be determined by,
ROP= f.L 2(8s)
A(aR +b)
Case 1l

In practice, we can estimate rapid the penetratt® ROP, by using the Eq.(33bis). The
energy transmission efficiencyy,, defined in [11, 12].

Case 2

In the general case, the penetration rate, RORrrd#ted by Eq.(32bis). The power
transmitted to the rock, P’, equals the area utiteecurvature force F-displacement (Fig. 4). In
the real case, the P’ value must be measured iandigntest and P’ depends on impact velocity
[2]. In the simplest case, we assume that the dimBorce-penetration curve is equivalent to the
relationship between the stress-deformation irtribgial test.
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Pm

PI

Figure 7. Idealized stress-deformation curve during peiigasaction ([3, 13]).

In the Fig. 7, we present the idealized stregsjdformation, u curve during percussive
action. Here, | is the maximum mean stress, apdisithe maximum deformation, correspond
to the rock sample is fracture. The power trangmiito the rock, P’, can calculated by,

P=1(Ru,) (35)
2
The maximum mean stress is defined by,
_TCS+2R, (36)
M _f

where,

TCS: is the triaxial compressive strength,

P,: is the confining, corresponding to the bottomehmlessure.
From Eq.(29) in Eq.(36), we have:

P, = UCsS + 3—s.|nCD R 137
3 1-sin®
Substituting Eq.(35) and Eq.(37) in to Eq.(32kiksg formula of penetration rate becomes,
UCS+3—sinCD
ROP= f.—3__1=sin® ° (38)
2NaR +b) "

Our model proposed Eg. (38) shows that the peimtredite, ROP, relates to rock properties
and drilling conditions. Yet, the bottom hole prggshas been account in to our model.

4. EXPERIMENTAL MODEL

In the previous paper [1], the experimental modeal éstablished following relationship:
ROP=-0.0283UCS + 15.11, wit£0.5632
ROP = -0.0198TCS + 15.387, witlf0.6635
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ROP =-0.431@, + 14.478, with R=0.8001

However, the linear correlation shown a coeffici@itis not really high. In order to
improve and optimize the best correlation we tesigd other trend lines such as: exponential,
logarithmic, polynomial and power. Finally, the yobmial correlation is taken with the highest
value of R as shown in the Fig. 8, Fig. 9 and Fig. 10. Treiltecan be resumed in these follow
relationships:

ROP = -0.0001UCS+ 0.0246UCS+11.213, with’R 0.6247 (39)
ROP = 1E-05TC%- 0.0274TCS + 16.402, with R2 = 0.6655 (40)
ROP = -0.0298;% + 0.20107 + 12.059, with R2 = 0.8989 X41

From Eq.(39), (40), (41) we can consider that th@zlian tensile strength has significant
role with ROP. The Eq. (41) can be used to preR@P for the very hard rocks.

16 y = -0.0001% + 0.0246x + 11.213"
14 4 R2 = 0.6247 -
Calcaire150
£ 12 S —_— ¢ Calcaire
E 12 B Anhydrite220
% 6 b 4 \l'gf7 AGranite70
T 4 X Basalt280
(2) X Sandstone210
50 100 150 200 250 300 ®Gabbro280
UCS (MPa)

Figure 8 Penetration rate versus UCS.

16 y = 1E-05% - 0.0274x + 16.40D|
14 +— R2 = 0.6655 =
12 &
=10 T~ ¢ Calcaire150
s —_.—
£ —~— B Anhydrite220
= g - .
& . \n\\l AGranite70
6 A
o« T * Basalt280
4 X Sandstone210
2 ®Gabbro280
0
150 200 250 300 350 400 450 500
TCS (MPa)

Figure 9.Penetration rate versus TCS.
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16 I I I T I
y =-0.0292% + 0.201x + 12.059
14 R2 = 0.8989 u
12 4 g
- T~ # Calcaire150
< 10
£ B Anhydrite 220
o 8 % = _.L Agranite70
2 6 = :
\J[ X Basalt280
4 X sandstone210
2 Babbro280
0
0 2 4 6 8 10 12 14 16 18 20 22
oT (MPa)

Figure 1Q Penetration rate versug; .

5. CONCLUSIONS

The study was valid on six hard rocks in experirakresult of test tricone and rotary with
percussive. It has been shown that we can prddiatate of penetration by using the exponential
relationship between ROP and Brazilian tensilengiite

The mathematical model or numerical modeling cdp tepredict the rate of penetration
in the case of rotary with percussive drilling teclogy, but it needs the test called “single
cutter” to determine the parameters.
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Vietnam Oil and Gas Group, PetroViethnam Univer8itysupport in completing this paper.
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TOM TAT

DU BAO TOC PO KHOAN CO HOC BOI VOI CONG NGHE KHOAN DAP KET HOP

XOAY TRONG TRUONG HOP KHOAN DA RAT CUNG

Nguyen Van Huny’, L. Gerbaud R. Souchdl C. Urbanczyk C. Fouchart]
'Pai hoc Dau khi,duong Cach Ming Thang 8, hh Ba Ra — \ing Tau, Vét Nam

Ecole des Mines ParisTech, 60 Boulevard Saint-Mjc&006 Paris, France
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Bai bao nay la pin tiép theo trong d an xay ang va dr bao tc d6 khoan o hoc cia cong

nghé khoandap két hop xoay trong u khi ddi véi truong hyp déa rét ciing. Nhr két qua d& ch
ra trong [1] mo hinh g bao tc do khoan ph thudc nhiéu vaods bén kéo Brazilian vatong thi
cling ©n tai mdi lién he giira tc do khoan va tinh cht cia da. Ngoai ra, nghiéniu da dra trén
két qua thuc nghém cia sau lai da aing trén o sv thi nghém choong ba chop xoay va thi
nghiém khoandap két hop xoay. Tt ca mdi lién hé chi ra i lién hé nhung ke s R? kha nhb.
Bai bao nay &gigi thiéu mbi lién hé mai véi hé sb R? cao ton dua trén o s két qua thi nghém
trugc kia vadong thyi ciing gigi thiéu md hinh toan dt, md hinh & dé dy bao ¢ do khoan.

Tir khéa:da arng, ROP, khoan, mé hinh todoach md hinh &.
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