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Abstract: By analyzing Lhe efficiency of transmission of impacl energy in dow r hole hammers and its affecling faclors, il

has been revealed thal the percussive aclion of dowrhole hammers can greally increase the rale of penetralion in shallow

well drilling, but its efficiency will be deeply decreased in very deep well drilling. Further analysis show ed that there exists

a reasonable mass malching of the piston Lo the bit for different formations. Meanwhile, in an effort Lo effectively transmit

the impact energy from rolary percussive drilling, it is suggested that the roller conical bits widely used in petroleum in-

dustry and the recently developed flal-fixed PDC bits should be changed into parabolic-fixed diamond enhanced bits.
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1 INTRODUCTION

In percussive drilling, which is widely used for
hard rock mining, rock is fragmented by repetitive
impact of hammer on drill rod or bit. Typical exam-
ples of percussive drilling include conventional rock
drills for relatively shallow holes and dowrrthe hole
drills for deep holes, as shown in Fig. 1.

In oil/ gas well, and geothermal drilling, most of
wells are drilled by rotary drill machines with roller
conical bits or PDC cutting bits. T hese kinds of drills
can obtain a high rate of penetration at a low cost for
soft and medium hard formations, but its rate of pen-
etration will greatly decrease in very hard rock. To
improve the rate of penetration in hard formations,
since the 1950s, considerable effort has been made to
develop a rotary-percussive combined drills into a de-
pendable oil field tool, which are able to be success

=51 In these kinds of
tools, impact action can be provided by down-hole

fully used in hard formations

motors that use the drilling fluid to drive a reciprocat-
ing piston against a bit or bit sub. Obviously, the
structure and geometry of the piston and bit will de-
terminatively affect the rate of penetration. The anal-
ysis and discussion of the efficiency of energy trans-
mission in the down-hole hammer tool will be benefr
cial to designing hammers and bits, and understand-
ing its range of application. This is the purpose of the
paper.

2 ENERGY TRANSMISSION IN DOWN- THE-
HOLE DRILLING

In dowrthe hole drilling, the hammer or piston
strikes directly on the bit, which sets up a compres
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Fig. 1 The principle of percussive drilling
(a) —Rock drill; (b) —Dow n-the hole drill

sive pulse, causing it to penetrate and fragment the
rock. Because the pulse acts on the bit, not the rod,
it does not suffer attenuation produced through the
drill rod sting and rod joints in conventional percus-
sive drills. The down-the -hole drills can drill very
deep holes, compared with conventional percussive

drills.

2.1 Bit motion equation

As shown in Fig. 2, denoting the mass, the
length, crosssection area, longitudinal wave velocity
and density of the hammer as my, L, A, ¢ and P,
respectively, and the mass of the bit as m},, we can
obtain the bit motion equation as follows:



- 110 - Trans. Nonferrous Met. Soc. China Feb. 2000
my, Lh
A p ¢
v
l P
i L]
A p
F t
Fig.2 The motion of the bit and the hammer in the downrthe hole
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m})"d_zu(t):P(t)—F(t) (1) When B> 0.5Ta/(a- 1),
i 0< twa= —F=c 2Ly (7)

where u is the penetration depth ( displacement) of T E [a- 1 e
the bit, P is the force acting on the impacting end of F
the bit and the hammer, F is the penetration force on )
the interface of rock and bit. o

When du(t)/dt 20. the relationship of F and L iy “
u can be assumed as E N

F= Ku (2) K/
where K is the penetration resistance coefficient, K E
which mainly depends on the properties of rock and E
contacting condition between rock and bit. i

Since the propagated stress O is given by 0= 0 u'm ”

v, we have
P(t)— AO(t) =- Qv

where v

(3)
is the relative longitudinal particle velocity
at any point on the impacting end.

According to the continuous condition of velocity
at the impact end, the following equation is derived:

adt'u(t): L__O(L%L). (4)

Combining Eqns. (1), (2), and (4), we obtain
the bit motion controlling equation as follows:

%“ ft—zumwr %A 'd'u(t)+ ul(t) =
where the initial condition is ©(0)= 0, du(0)/dt

= 0.

2.2 Energy transmission efficiency

The energy transmission efficiency 1l is defined
as the ratio of the energy transmitted into rock to the
kinetic energy of the hammer, that is

(F o)’ Y- |
n= p'A'L;,'vz'K.( Y) (6)
where Y is an unloading constant as shown in Fig.
3. Let &= K/( QA ), a= Adm,&/ ( QA ), and B=
2L, c. As long as a> 1, solving the differential
Eqn. (5) vyilelds the maximum penetration force,

F nax» with respect to the maximum displacement of

bits, and the time, corresponding to

F max «

u max» t max»

Fig. 3 The penetration force and displacement curve

(8)
Inserting Eqn. ( 8) into Eqn. (6), the energy

qux = QAD[IJ’- exp(_ J%l)]

transmission efficiency is expressed as

Il 2
2[ 1+ exp(- c(v-1
[ 1+ exp( o | 17 ( )
Bey (%)
Neglecting the effects of unloading, then the en-

n=

ergy transmission efficiency Tl is

U1+ expl— J%)]2
n= =
B

When B< 0. 5T/ (0= 1)%3,

2Ly
c

RAv 1+ ¢ *Po4
_2_'[sin(2_BJ(1— 1))+
Noa- l(os( J(l— 1/ -
[eﬁw/asin(za_ va- 1) -
o 2 Jrl]}l/z

2

_ 2 -4 a o
N= B[1+ € * e 1

Ja— 1)+

(10)

(11)

max

F max =

(12)
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Noa- 1(:05(25./(1— 1)] -
(%746/0[si11(2(;B va- 1) -
¢ 2 Ja17) (13)

Because a= 25( my/ my), from B= 0. S5Ta/( a
— 1) we can obtain the range of B suitable to Eqns.
(8) and ( 10) for calculating the maximum penetra-
tion forces and the energy transmission efficiencies,
and we can also obtain the range of B suitable to

Eqns. (12) and (13). These ranges of B with differ

ent ratios of m), to my, are given in Table 1 and Table
2, respectively.

The maximum penetration forces and the energy
transmission efficiencies calculated with different ra-
tios of my to m), are shown in Figs. 4 and 5.

It is noted that in a fixed rock drill B is directly
proportional to the penetration resistance coefficient,
K. From Fig. 4 and Fig. 5 it can be seen that the
maximum penetration force will increase with K (or
the rock hardness). However, in any case, the
maximum penetration generated by impact of down

Table 1 Range of B suitable to Eqns. (8) and ( 10)

my/ my, 1/20 1/ 10 1/4 1/2 2 4 10 20 50
B > 10.25 >5.49 > 3.23 >3.47 > 544 > 10.12 > 19.86 > 49.40 > 98.71 > 250
Table 2 Range of B suitable to Eqns. { 12) and ( 13)
my/ my, 1/20 1/ 10 1/4 1/2 2 4 10 20 50
B 2~ 3.23 1~ 3.470.5~ 5.44< 10.12 < 19.86 < 49.4 < 98.72 < 250
4
my/ mpy=4
3.2} my/my =1

2.4}
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Fig. 4 f( B)= F /(0.5 V) as a function of

B with different ratios of my, to my,
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Fig. 5 Energy transmission efficiency Il as

a function of B with different ratios of my, to my,



* 112

Trans. Nonferrous Met. Soc. China

Feb. 2000

hole hammers never surpasses 2 (v . By contrast, the
efficiency of energy transmission decreases with the
penetration resistance coefficient or hardness of the
rock. Moreover, the maximum efficiency of energy
transmission also decreases with the mass ratio of the
bit to the hammer. When the ratio increases to 20,
the efficiency of energy transmission will be less than
20% . Generally speaking, the harder the rock to be
drilled, the higher the penetration force and the lower
the energy transmission efficiency.

3 MATCH BETWEEN BIT TO PISTON

The curves in Fig. 6 represent the relation be
tween the energy transmission efficiency, T, and the
ratio of the bit' s mass to the hammer s mass, r, un-
der different B values. For a fixed B there is a reasonr
able r corresponding to maximum energy transmis-
sion efficiency. T he reasonable matching ratio of the
bit's mass to the hammer s mass under different B
values is shown in Fig. 7.

Fig. 6 TNvs r under different B

values (r= my/ my)

Fig. 6 and Fig. 7 show that for the rocks with
different penetration resistance coefficient or hard-
ness, there exists a reasonable ratio of the bit’ s mass
to the hammer’ s mass, which is corresponding to the
In the

meantime, when the ratio of mass of the bit to the

maximum energy transmission efficiency.

15
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r(g)

. . .7 ’
Fig. 7 Ratio of the bit s mass to the hammer s

mass with maximum energy transmission efficiency
Poinl A: B= 3, r= 0.303964;
Poinl B: B= 40, r= 10.1221

hammer unlimitedly increases to an infinite value, the
efficiency of energy transmission will be less than
10% . T herefore the ordinary dowrthe hole drills al-
so have a limited depth of drilling wells.

4 PDC BIT PROFILE

For PDC bits used in rotary drills, there exist
three basic types of bit profile: flat or shallow cone,
tapered or double cone, and parabolic, as shown in
Fig. 8. Although there are variations other than these
types, fall
among the three basic types.

It is obvious that the flat-or shallow-cone crown

typically these variations somew here

profile evenly distributes the static weight of the bit
among each of the PDC cutters on the bit. If the
analogy of a bit being able to drill only as fast as its
fastest cutter is applied, then flat-profile bits have the
highest rate of penetration potential, because the cut-
ting depth of each cutter is theoretically equal. How-
ever, field application has shown that the flat profile
has two main disadvantages: limited rotational stabili-

1671 " Because of the shallow pro-

ty and uneven wear

file,

minute. This can cause high instantaneous point load-

rocking can occur at high revolutions per

ing and loss of cooling to the PDC cutters, which is
detrimental to bit life. T he analysis of dull bits shows
that the wear increases from the center of the bit to
This that the

circumference of the bit. means

P PR ---____<|_-.,

(a)

(b)
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Fig. 8 PDC bit basic profile
(a) —Flat; (b) —Double cone; (¢) —Parabolic
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Innermost cutters in the flat profile bits are not being
used to their fullest potential.

The tapered, or double cone, and the parabolic
profiles allow increasing distribution of the cutters to-
ward the bit circumference. As a result, rotational
and directional stability as well as more evenly dis
tributed wear are achieved. These profiles cause the
cutters near the bit center to cut more effectively.
T he parabolic profile is an even more aggressive pro-
file of the absence of the center concave cone, com-
pared with the double cone profile.

On the other hand, for PDC bits to be developed
for use in rotary-percussive drills, the parabolic pro-
file should be superior to the flat or swallow cone pro-
file in indentation generated by percussion. This can
be explained by the following simple analysis.

It is assumed that the impact force acting on the
bits is P;(t), and reflected force from the rock is
P.(t). Then the total force acting on the bits is

F(t)= Pi(t)- P(t) (14)
and the force acting on a single cutter is

ft)= (Pi(t)- P,(t))/N (15)
where /N is the number of the cutters in a bit.

Because the number of the cutters in the parabol-
ic profile can be much larger than that in the flat pro-
file on the condition of the same diameter of the bits,
the single cutters in the parabolic profile withstand a
lower impact indentation force, compared with the
cutters in the flat profile. However, a lower impact
indentation force of the cutters does not mean a small-
er indentation of the bit. Considerable experiments
have shown that the impact resistance coefficient, K,
of the bit with a shaped-end profile is much less than
that of the bit with a flat-end profile. Moreover, it is
noted that there exists an approximately linear rela

tionship between the indentation force, F, and the
indentation displacement, w. That is, F= Ku. It is
easily concluded that the parabolic profile can pene
trate a larger depth than the flat profile does. T hus,
for the rotary-percussive drilling, it is suggested that
the flat-fixed PDC bits should be changed into a taped
or parabolicfixed diamond enhanced bits.
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