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Chapter 8 e

Factors Affecting Penetration Rate

8.1 Introduction

Contract drilling prices have remained essentially
constant over the last ten or fifteen years despite the
fact that the greatest inflationary period in United
States history has oceurred during the same time. This

unique price stability has been due, largely, to the

highly competitive and resourceful nature of the
drilling industry in general, and to the rig floor, desk,
and laboratory thinking and experimentation which has
resulted in improved techniques and equipment for
making hole faster.

The factors which affect rate of penetration are ex-
ceedingly numerous and certainly are not completely
understood at this time. Undoubtedly, influential
variables exist which are as yet unrecognized. A
rigorous analysis of drilling rate is complicated by the
difficulty of completely isolating the variable under
study. For example, interpretation of field data may
involve uncertainties due to the possibility of un-
detected changes in rock properties. Studies of drilling
fluid effects are always plagued by the difficulty of
preparing two muds having all properties identical
except the one under observation. These and other
complexities will become more apparent in later
sections.

While it is generally desirable to increase penetration
rate, such gains must not be made at the expense of
over-compensating, detrimental effects. The fastest on-
bottom drilling rate does not necessarily result in the
lowest cost per foot of drilled hole; other factors such as
accelerated bit wear, equipment failure, etc., may raise
cost. These restrictions should be kept in mind during
the following discussion, which deals largely with on-
bottom drilling rate.

114

Some of the more recognizable variables which affect
penetration rate are the following:
1. Personnel efficiency
a. Competence
(1) experience
(2) special training
b. Psychological factors
(1) company-employee relations
(2) pride in job
(3) chance for advancement
2. Rig efficiency
a. State of repair, preventive maintenance
b. Proper size
c. Ease of operation, degree of automaticity, and
power equipment
3. Formation characteristics
a. Compressive strength
b. Hardness and/or abrasiveness
c. State of underground stress (overburden pres-
sure, etc.)
. Elasticity — brittle or plastic
. Stickiness or balling tendency
Permeability
. Fluid content and interstitial pressure
. Porosity
. Temperature
4. Mechanical factors
a. Weight on bit
b. Rotating speed
e. Bit type
5. Mud properties
a. Density
b. Solid content
¢. Flow properties
d. Fluid loss

bt~ B o =
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Chapter 8 e

Factors Affecting Penetration Rate

8.1 Introduction

Contract drilling prices have remained essentially
constant over the last ten or fifteen years despite the
fact that the greatest inflationary period in United
States history has occurred during the same time. This

. unique. price stability has been due, largely, to the
-+« -highly--competitive. and-.resonrceful . nature. of . the.. ...

drilling industry in general, and to the rig floor, desk,
and laboratory thinking and experimentation which has
resulted in improved technigues and equipment for
making hole faster.

The factors which affect rate of penetration are ex-
ceedingly numerous and certainly are not completely.
understood at this time. Undoubtedly, influential
variables exist which are as yet unrecognized. A
rigorous analysis of drilling rate is complicated by the
difficulty of combletely isolating the variable under
study. For example, interpretation of field data may
involve uncertainties due to the possibility of un-
detected changes in rock properties. Studies of drilling
fluid effects are always plagued by the difficulty of
preparing two muds having all properties identical
except the one under observation. These and other
complexities will become more apparent in later
sections.

‘While it is generally desirable to increase penetration
rate, such gains must not be made at the expense of
over-compensating, detrimental effects. The fastest on-
bottom drilling rate does not necessarily result in the
lowest cost per foot of drilled hole; other factors such as
accelerated bit wear, equipment failure, etc., may raise
cost. These restrictions should be kept in mind during
the following discussion, which deals largely with on-
bottom drilling rate.

114

Some of the more recognizable variables which affect
penetration rate are the following:
1. Personnel efficiency
a. Competence
(1) experience
(2) special training
b. Psychological factors
- -....{1)..company-employee relations
- {(2)- pride in job
(3) chance for advancement
2. Rig efficiency
a, State of repair, preventive maintenance
b, Proper size
c. Ease of operation, degree of automaticity, and
power equipment
3. Formation characteristics
a. Compressive strength
b. Hardness and/or abrasiveness
c. State of underground stress (overburden pres-
sure, etc.)
. Elasticity — brittle or plastic
. Stickiness or balling tendency
. Permeability
. Fluid content and interstitial pressure
. Porosity
i. Temperature
. Mechanical factors
a. Weight on bit
b. Rotating speed
c. Bit type
. Mud properties
a. Density
b. Solid content
¢c. Flow properties
d. Fluid loss
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Fig. 8.1. Tracings of typical force waveforms for various heights of drop with an 0.03-in. bit
and weight of 15 Ib for single blows on Indiana limestone. After Pennington,! courtesy APT.

e. Oil content
f. Surface tension—wettability
6. Hydraulic factors—essentially bottom hole cleaning

8.2 Fundamentals of Rock Failure

For drilling purposes, rocks may be classified into three

types, namely:
EE; Seft rocks: soft clays and shales, uncensolidsted to
oderately cemented sands
fum rocks: some shales, porous limestones and
olomites, consolidated sands, gypsum
) Hard rocks: dense limestones sud dolomites, highly
cemented sands, quartzite, and chert.
As mentioned in our earlier discussion of bits, soft rocks
~ay be drilled by the scraping-cutting action of drag-
pe bits, or by the combined grinding-scraping action
of offset cone-angle, rolling cutter bits. The harder
formations are drilled mostly by the crushing penetra-
tion of the bit teeth. Since it is in the latter type of

formation that penetration rates are lowest, let us
fu consider the failure mechanism of these rocks.

xperiments on the failure of elastic rocks conducted
by Battelle Memorial Institute for Drilling Research,
Inc. are of considerable fundamental interest.”* In

part of these studies a drop tester, consisting of &’

weighted bit on a rod, was dropped from various
heights, striking the rock specimen below. Strain
gauges close to the bit allowed the force waveforms to be
recorded by an oscilloscope camera. Four such patterns
for_single blows at various drop beights are shown in
§ ‘ﬁére 8.!. -Nobe that t.he: first force peak is 2000 Ib for

cases, with the magnitude of the second peak in-
creasing with drop height. Figure 8.2 shows the first
energy péak with an expanded time scale. The curve
between O and A corresponds to the bit crushing small
surface irregularities on the rock. Between 4 and B,
the ¢onstant steep slope denotes that elastic deforma-
tion is being undergone by the rock. If the impact force
is not above point B, the rock does not fail and only a

o s s it
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Fig. 8.2. Expanded first force pulse of a force waveform
for a single blow with an 0.03-in. bit on Indiana lime-
stone. After Pennington,! courtesy API.

surface mark is left. Between points B and C, the
parrow wedge of rock beneath the bit is crushed, and
the blow energy is transmitted to the rock around the

" wedge, and chips_are formed. ‘Beyond point C,-the
energy level drops until the bit once again contacts solid

rock. If sufficient energy is left, another peak oceurs,
ete. It was found that the amount of rock removed was
linearly related to the blow energy. Other experiments
with static rather than impact loading gave similar
results, except that a lower energy level was required to
fracture a given amount of rock. The results in Figures
8.1 and 8.2 are exactly analogous to cable tool drilling
(or any percussive device) in brittle rocks.

The sequence=of pictures in Figure 8.3 shows the
drilling action of a rolling cutter bit in sandstone at
atmospheric conditions.* Cuttings are removed by air
circulation. In the first picture, a force is applied to
the center tooth as the cone rolls. The rock does not fail
until the fourth picture, when the applied load finally
exceeds the rock’s strength. The failure is a small
explosion, with chips flying in all directions. This con-
tinues as the tooth sinks deeper and is complete, in the
eleventh picture. It may thus be surmised that the
rotary drilling meehanism is not too basically different
from the straight percussive (cable tool} method.

8.3 Rock Charaecteristics

The rock properties which govern drilling rate are not

completely understood. Furthermore, correlation is

i Wn&«d&sﬁ%@@i@;@_ﬁ,

FACTORS AFFECTING PENETRATION RATE

{Chap. 8

measured _at laboratory conditions, and those which
exist at the depths of interest to the oil industry. Con-
siderable data and an extensive bibliography on rock
properties has been published by Wuerker.5 Other in-
vestigations concerned with the effect of pressure on
rock drillability are also available.s7

In general, penetration rate varies {nversely with the
compressive .strength .of -the. rock being drilled. The
related property of hardness or abrasiveness enters the
picture because of its effect on bit life. The hardest and
also the strongest sedimentary rocks are chert (a form of
quartz, $i0,) and various quartzites which offer severe
drilling problems when encountered.

. The _elastic properties of various formations are
greatly 'mﬁuence% the state of stress at which they

exist. The behavior of most shales is typical of this
effect, because they become increasingly difficult to
drill at s. For explanation of this behavior,

‘consider Figure 8.4 which shows a thin impermeable

element of formation directly below the bit. If
the hole is filled with liguid, the upper surface of
the element is subjected to a pressure which is de-
pendent on mud density and depth. Practically
speaking, this pressure tends to prevent removal of the
element much es though the rock’s strength were in-

" creased by the applied pressure. Therefore it may be

expected that the effect of such superimposed stresses

_.will be more pronounced in weak (soft, relatively com- .

pressible) rocks than in stronger, more competent beds
[see Figure 8.5(A)]. Note that drilling rate reaches an
essentially minimum value at some confining pressure,
with little change occurring at subsequent higher
pressures. is is particularly evident for the soft
shale shown in Figure 85(C) Also note that the effect
of confining pressure on drilling rate is greater at higher
bit weights, as is shown in Figure 8.6.

Payne sud Chippendale® have Teported test results
which lend further insight into the mechanism of rock
failure at high vs. atmospheric pressures. In these
experiments, erushing loads were applied to rocks with a
round {6 mm diameter) tungsten carbide penetrator,
the size and type of indentation being the object of
study. Typical results are shown in Figure 8.7. The
letters 4 and H denote imposed hydrostatic pressures
of atmospheric and 5000 psi; the numbers refer to the
applied load in pounds. In the atmospheric tests visible
cracks appeared, and the chips around the indentation
were separate, easily removable flakes. Under 5000 psi,
however, the failure was more plastic, as evidenced by
the extruded material which piled up around the de-
pression and could not easily be removed. Hence, the
sandstone was brittle at low pressure and plastic at high
pressure. Not all rocks behaved in this manner.
Quartzite, granite, and dolomite experienced the same
type of failure at the higher pressure; however, the
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ROCK CHARACTERISTICS
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Fig. 8.3 (cont.). Failure is explosi i

¢ ¢ ) exceeds strei:xgaxv:f‘::ceku. it prossure inally
preciable pressure differential would exist across a thin
element;*hence the pressure effect would be minimized.
This is the conclusion of Bredthauer,® and Murray and
Cunningham,? and is in agreement with their experi-
mental evidence, i.e., that permeable rocks which al-
lowed pressure equalization ahead of the bit showed no
appreciable change in drillability with pressure. From
these dats, it may be concluded that any other factors
facilitating more rapid pressure relief will also decrease
the effect of pressure on drilling rate. A rock completely
saturated with incompressible fluids (water, oil) should
be less sensitive to borehole pressure effects than one
_containing a gas, since in the former a small quantity of
mud filtrate is sufficient to eq ute for & subs T
stapfial distance. h

’L/{(orous zone drills faster than a dense section of the
same rock. This fact has Jong been i -

geologists for detecting the presence of such zones. A

Fig. 8.3. Elastic_rock failure as caused by rolling cutter bit.
Conditions are atmospheric pressure with cuttings being blown
away by air. Starting in picture 1, a toath starts to apply pres-
sure to the rock as the cone rolls forward. The rock does not
break immediately. Then in picture-4, the pressure of the tooth
exceeds rock strength and failure starts. The failure is practically
an explosion of rock. Chips continue to fly as the tooth sinks
desper. Finally, by picture 10 particle discharge diminishes and
then cesses. Fiimed by Hughes Tool Company with a 93-in.
0.S8.C. bit sandst After Murray and Mac-

Kay,* courtesy Hughes Tool Company.

loads necessary to produce the fracture were 50 to 1009,
highér than at atmospheric conditions.
he balling tendency of a formation is primarily de-
it o 1ts mineral Composition:

?
bentonite in-paztieular, form & sticky, pasty mixture
with water which becomes imbedded between bit teeth

and surrounds the cones and the entire bit. This reduces

tooth penetration and, consequently, drilling rate.
Permeability affects the drillability of rocks Throtgh

its effect on the relief of imposed pressures. Consider

again the rock element shown in Figure 8.4, If this rock
were sufficiently permeable to the drilling fluid, no ap-

major portion of this effect is probably due to the lower
compressive strength of porous zones.

The effect of temperature (in the range of our inter-
est) on rock properties is not generally considered. How-
ever, rock failure becomes more plastic as temperature

W

Eorth surfoce

Fig. 8.4. Element of formation beneath
rock bit. After Murray and Cunningham,?
courtesy AIME.
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Fig. 8.5. Penetration rate va. confining pressure for various rock types. After Murray and
Cunningham,? courtesy AIME.,

increases; such effects may be of interest in the future,
as drilling goes deeper.

No mention has been made of such properties as
grain size, Poisson’s ratio, modulus of elasticity,
" modulus of resilience, or other more involved measure-
ments of strength and elastic behavior.® These proper-
ties are, in general, unknown for sedimentary rocks at
the conditions of interest in this field. A knowledge of
these factors could lead to a more thorough knowledge
of the mechanics of rock failure. .

It might seem to the reader that too much space has
been allotted to rock properties; which are beyond
human control. It should be realized, however, that it is
these rock properties which completely govern drilling
practices in different geologic areas. Hole size, bit type,

drilling fluid selection, and general operating procedures
are all dictated by the nature of the rocks to be drilled.
Consequently, rock characteristics are of prime im-
portance, with operational procedures being secondary.

/8.4 Mechanical Factors

Rn e SRR =,
In all areas, penetration rate is governed by the weight
on the bit and/or the rotary speed which may be ap-
plied. Normally, these limits are imposed by either
crooked hole, equipment, and/or hydraulic considera-
tions. Let us postpone our discussion of crooked hole
problems until Chapter 9, and deal with the latter
factors in this chapter. Other variables will be con-
sidered constant or of no consequence, except as noted.
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8.4) ‘ MECHANICAL FACTORS 119
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Fig. 8.6. Drilling rate vs. confining
pressure, vanable bit load. After
Murray and Cunningham,? courtesy

AIME,
wol

Weight on Bit

The general effect of this variable on rate of penetra-
tion is shown in Figure 8.8.2® Note that there are two
distinct drilling regions:

(1) drilling at bit loads below the compressive strength
of the rock — out to approximately 30,000 lb, for
- the pink quartsite.
(2) drilling at bit loads above this critical weight.
Obviously bit weights in regi'on (2) are desirable and are
spplied if possible. This principle is well illustrated by
Figure 8.9, which shows the increase in penetration rate
and footage when sufficient bit weight to overcome the
rock’s compressive strength was applied.

GO0

Fig. 8.7. Rock failure under different imposed pressures.
Letters 4, H denote atmospheric and 5000 psi pressure, respec-
tively. Numbers indicate applied load, Ibs. After Payne and
Chippendale;8 courtesy Hughes Tool Company.

From Figure 8.8 it is evident that for each rack type
the points above the critical load lie on approximately
straight lines:!! . . )

(8.1_)
where R, = instaniaheous or on batlom penetration
S ra,t,_e,bft./h.r . _

W = weight on bit, Ib

. | a, b-= intercept and slope respectively, which are :

- depenident on rock properties;hit-sizecand oo i
{ type, drilling fluid properties, etc. :

Other data, both field'*~14 and laboratory !5!¢ tend to

substantiate the linearity of B, versus W over reason-

able ranges of bit loading. This relation will hold true

only if other factors are constant. In particular, ade-

quate cleaning and cutting removal must be maintained.

This does not necessarily mean constant circulation rate

'or constant nozzle velocity, since at higher values of W

more and probably larger cuttings are being generated.

Consequently, circulation inadequacies will affect this

relationship, unless the flow rate is high enough to

perform its function equally well at all W’s of interest.

This will be further emphasized in a later section

devoted to hydraulic fa.ctog_s,_\

Rotational Speed )
The effect of this vm'\mﬁfA penetration rate is not

too well established. In general, on bottom drilling
rate increases with increased rotary speed. Figures 8.10
and 8.11 are typical of the rotary speed effect and sug-
gest that the following relationship exists:
(8.2) R, = f(N)*
where f = some function

N = rotary speed, rpm

n<l
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120 FACTORS AFFECTING PENETRATION RATE

» DRILLING RATE - FT./HR.
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Fig. 8.8. The effect of bit loading on penetration rate for various rocks. Laboratory data —
atmospheric pressure. Courtesy Hughes Tool Company.1?

{

¥
Again, the cmé relationship may be obscured by the
hole cleaning va{'iablg, A satisfactory nozzle velocity at
100 rpm may nof bé adequate at 200 rpm, since at the
latter speed a cutfing has only half as much time to
clear bottom prior to the next tooth impact.

The Battelle Institute study>? set forth a formula for
arate of advance predicting linearity between E,and N.
It was assumed that each tooth impact removes es-
sentially the same amount of rock. Fundamentally,
this would seem logical; however, available data do not

40 50 60

confirm this analysis for rotary (roller bit) drilling.
Turbodrill data to be cited later confirms Eq. (8.2) for

rotating speeds up to 750 rpm.}?
\Gdinbined Effect of W and N
An empirical combination of Eq. 8.1 and 8.2 in-
dicates:
(8.3) = ¢ + [WNi2

where ¢, f = constants for a given set of conditions.
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: \Y’ Orifirig tests — B3/ WTR bits on Oriskony sondstone substituting the applied weight per inch of diameter? for
3 % N with 10000, 20000 end 40,000 pownd loods W in the equations, with the following result:
&Q %0 5 A 8 (8.4) €=f7(N)"=wa”’ E ) Q;/“‘"’Q
N Y eh Mo 3 —
3 - - *140000 b where d = bit dmmeber, in.
‘ 0 / : ‘ w = lb/in. of bit diameter ? S [\}
)
3 2 . ¢ 6’
o -, T IR,
§ of [ Se—— ‘
aany ~ i APy TG T
y TR oi A - 1. 500 LB
. 78t No.2 - BbL o P 'T<
10 7320000 B / / —
g = BEXNrY
3 : aE Lt B¢ No.1 e / L]
] 10,000 b ’ .
o - d i Y © R / %ﬂ
4 > -] S s S # -l PRI
° 2 " Time, hours = e ’/(//_ CITRC T
Fig. 8.9. Incressed penetration facilitated by proper bit ~ f - o
‘weight application. W atmospheric pres- N PPl Boo coj
i sure. Courtesy Hugh& Tool Company.1¢ : 2 WA . -
£ P4 A P
N Figure 8.12 is a replot of Figure 8.10_except that W and / ’”":_ -~
; N have been combined. Other laboratory!® and turbo- S
drill field data!? exhibit essentially the same value of n. ok’ — ——
The compressive strengths of many rocks encountered © 29 porinv seebSiRPM 100
in oil well drilling are low enough that little error is in- - -
N A . ig. 8.11. Effect of ed on pen: n rate at
volved by assuming R, to be directly proportional to W, -various bit weights. Replotted from dnt‘;e of Wa:droup a:d
thatis, that @ = O in Eq. 8.1. Itis also generally cop- Cannon, ! courtesy API.
. .sxdered that *’he effect of blf' size “ﬁy ‘Ee‘ e’hfx_xfateq by . Equation'(8.4) may be considerably in error for ex-
- T T  remely Hard Yook drilling “Anialysisof Wi Wg
200 e - tests showed the effect of bit weight to be & iessxble as

/ where m o= 1.2,
.28csote] Eqgs. 8.3, 8.4, and 8.5 are purely empirical, and may

power function:'® . o J{_
| B A (e @7 et
280 -

S
& not fit all situations. Certainly, these equations are not
¥ 200 valid for W’s too small to cause rock failure; however,
‘z\‘\ / @’% such values are of little practical impartance.
L Y
/ /‘ Practical Limatations on W and N J
10 These factors must, of ¢ourse, be held within the
/ ) { operational limits imposed by economic drill %t ring and
5 bit life. ~Over-all penetration rate is greatly affected by
I o
o0 S [EeEtE) hcreased trip frequency, caused by accelerated bit wear
'I ," e due to operating at excewve w and /or N values. The
ry / practical limitation o nl d
L/ /‘ by_the allowable tooth stress
soj— £ — current maximum which has been applied tasnmﬁ._lm:
1/ ’," types i 0,000 1b/in. Recall that crooked hole
,fl Pl considerations are ignored at this time. Rotational
° o speed also affects bit performance, primarily through
o 8o 100 ol 200 bearing and tooth wear, and through the severity of
ROTARY: SPEED (RPMD vibrational loads.
ig. 8.10. Effect of rotary speed on penetration Most drill string failures are attributed to material

rate at various bit weights. Replotted from data of

Bielstein and Cannon,! sourtesy APL. fatigue which has been aggravated by corrosion and/or
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‘ Fig 8.12. Rate of penetration % Data of Fig. 8.10,

are related to both the number of stress reversals and
the magnitude of the stress, it should be expected that
both table speed and weight on bit will affect the fre-
quency of such failures. Of the two, table speed seems
to be the more critical, provided that excessive drill
collar-hole clearance is avoided. The drill collars and
the adjacent sections of drill pipe receive the worst
punishment from vibrational loads; it is in these
sections that most failures oceur.

- Theoretically, every drill string has a natural fre-

quency at which vibrational effects are maximum. Itis

generally agreed that table speeds in resonance with this
will result in severe vibrations and accelerated failure
frequency. Main®! has presented Eq. 8.6 for computing
this critical speed range, based on certain simplifying
assumptions. This formula has not, however, been
widely applied.

8.6) g \71\7 258000 /[

= eritical ﬁﬁmal speed at whxch vibratory

effects are maximum, rpm
= length of drill string, ft

Note: Higher order harmonic vibrations will also
accur at 4N, 9N, etc.

Crane? has suggested a drilling practice based on a
constant weight-time factor. This criterion is in
qualitative agreement with field practices: as weight is

where N, =

-increased,. the rotating speed is decreased. But the

question-arises, what is the liritifig value which should -
be applied: WN = 7

A satisfactory solution in one area will not necessarily
apply to another where conditions are different. It is,
however, possible to estimate this factor from standard
operating practices. For example, Figure 8.13 shows
common operating weight-speed ranges for various bit
sizes. Constant WN curves added to these approximate
the operegéﬂg trend with a reasonable degree of ac-
curacy. The WN values shown were chosen arbitrarily
in an attempt to approximate the indicated maxima.
Speer®® has also derived a similar solution for an
opttmum W N value; however, his curve falls above that
suggested in Figure 8.13, and is not quite symmetrical,
This approach will be shown later. If one assumes that
these or similar data represent the current limiting
conditions, then a constant W _{actor appears to be a
reasonable solution to the problem of allowable table
speed~bit weight combinations. Other evidence indi-
cates, however, that the constant weight-speed ‘product
approach may be used for determining an optimum N at
& given W ; however, it may be unsatisfactory for deter-
mining the proper W for a given N.%¢

Bit size may be eliminated as a factor from the
suggested WN values of Figure 8.13 by again expressmg
bit loading as Ib/in. .of diameter:
8.7 JuN=K
where K 2% 5 X 105 T rpm/in., trom Figure 8.13.

————
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« WEIGHT-1000 LB. < WEIGHT-1000 LB. _
SIZES: 9 5/8 IN.-9 7/8 IN.-’HUGHEj 70 T e e ]
70 ‘ S e ROCK BITS SIZES ;ﬁlsa WN-7 /8 N RQCK
E [COMMON PRACTICE: \:AT ~18000 J 60 i
6o 355000 L.B. R.P.M.70-220 COMMON PRACTICE ' W1 - 20000
LB REM-40-120
50 50 ]
VY EXTREMELY HEAVY
40 ACTICE 40 WEIGHT -R PM. PRAC'm:F.l
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30 30 p
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20 20 ~ L —=
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CIGHT WEIGHT LIGHT WEIGHT
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R.P.M. R.P. M,
oWE|GHT-!OOO LB, (w’
80 "S/8 NI LIN.-12 V4 IN.~ o WEIGHT -1000 LB.
i | - SHES TRI-CONE ROCK .
10k § o _ \[sw.es 8 vz N9 N ROCK arrs
T TVION FeaC Ty Qs
~%0000-8G,000 LB. RPM : COMMON PRACT!CE WT.-
60 Yo:i26 0 %% \I 55000 L PM.-50"1 39
TCOMMON PRACTICE:WT.-18000-] 60 =
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\ 20 —
\
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‘Fig. 8.13. Drilling practice curves showing applied range of weight and rotary speed
combinations. Gourtesy ny. Curves of constant weight-speed
product have been added as follows:
Bit size (in.)} WN
T5t0 73 3.6 X 10 Ib-ppm
8ito 9- — 20X 108 o
9i to 9§ 4.8 X 106
103 to 12} 6.4 X 108
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Acceptable'values of K will, in general, vary with bit
sige, since the smaller bits will not tolerate unit loadings
as high as will the larger sizes. For the size range shown,
however, there appears to be little difference in field
practices.

Using Eq. (8.7) as a means of relating w and N, we
may now alter Eq. (8.4) to
(8.8) } R, = mf“” = BN-12
where o = fK'/? .

\B-IK JE

Tlns relationship shows that penetration rate in-

/ creases proportionally with w'/® and N~='/2if the product

wN ‘is restricted to a constant value. It must be
realized that this entire treatment is empirical, and like

! most empirical equations, has a limited scope of ap-

!

plicability. The drilling practice curves indicate a

‘. range of applicability of 50 < N < 300.

The uniformity with which the force W is applied to
the bit is normally dependent on the driller’s handling of
the brake. The drilling line should be payed out
smoothly so that the bit weight is constant. The ideal
operation, if achieved, requires the full attention of the
driller or another crew member. The use of an auto-

matically con'l.rolled feed to insure constant bit loading

has increased dn]lmg rates by over 10% in hard rock

areas“

FACTORS AFFECTING PENETRATION RATE

{Chap. 8

modelling elay with a hammer and merely deform it;
however, it is readily eut with a knife. Since at high
confining pressures even the harder rocks may behave
plastically, it again would seem that percussive bit
action would be a poor choice, and that cutting or
shovelling should be more efficient. The real problem
has been to design a drag bit or an offset cone angle
roller bit capable of standing the stresses and abrasive
wear necessary for employing cutting action in hard,
high strength rocks.

Diamond bits drill in much the same manner as drag
bits, each stone acting as an individual tooth. Large
stone, widely spaced patterns are used on relatively soft
rocks; the hardest drilling requires smaller stones and
more closely spaced designs. Usage of diamond bits is,
of course, largely restricted to hard rock areas and/or
deep wells where reduction in trip frequency is a
prime aim.

8.5 The Effect of Drilling Fluid Properties on
Penetration Rate

In Chapter 6 it was intimated that a drilling fluid
property desirable for one function might be undesirable
for other reasons, and that the mud selected was
generally a compromise based on ‘the considerations
most critical to the area in question, This will become
.more appamnt as - we consider the effect of mud _proper-

The precise nature of the drilling action of roller bits
is quite involved and, is not, apparently, completely
understood. As was mentioned in Chapter 5, soft
formation roller bits have lonfgr, widely spaced teeth
with considerable cone offset. “These impart a drag bit
culling action along with nearly static percussive effects.
Thus the drilling action is a complex combination of two
mechanizsms. Hard rock roller bits have zero cone
offset; thus they approach true roll, and hence drill by
an essentially percussive process. Tooth stresses
prohibit utilization of any large degree of shovelling or
cuttmg action in hard rocks.

s factors affect bi rformance, such as

g angle, spacing, row
O Tow patterns, etc.), @ng_g&set._mmhar—nf_mnes
g designs, metallurgical control, ete. An in-
m@;ﬁ concerning bit design factors is that by
“H. G. Bentson,® to which the reader is referred for
detailed study.
Drag bits are little used for oil well drilling at this
time. This decline in usage is not due to these bits’ un-
satisfactory cutting action; the drag bit is an efficient
drilling tool, and is still widely used in the mining in-
dustry for small hole work. It seems logical that any
rock which behaves plastically could best be drilled by
this type of bit. For example, one can pound on

§

ties on the rate of penetration.
The effect of mud density has already been covered
since it governs the pressure imposed on the hole
bottom. This is probably the main factor contributing
to the success of air drilling in such areas.as depicted by
wigure 8.14.%¢ The effect of mud density is probably not
completely expressed in terms of the pressure exerted by
(t.he mud column. Rather, it should be considered in
terms of the pressure differential between the interstitial
fluid pressure in the rock and the imposed pressure.?”
All rocks are porous, although some are so slightly
porous that we consider them non-porous. Therefore,
reconsider Figure 8.4 for the case where no mud column
pressure is exerted. In this case, internal pressures

B T
\ " { Weli Ne.
2000 SN e
el N[ o
2 N~ Well No. 2
-\I Mud
§m v 75 doys
51‘0‘0‘#""'}& N
6000 ,.AF.MIII:':SN&.'
i \
13 Bdoys T
8000 1 L
0 20 40 60 80 100 120 wo 160
Oays

Fig..8.14. Relative drilling times of air vs. mud drilled welle
in Atoka County, Oklahoma. After Adams,?* courtesy APL
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within the rock will help remove the small element
below the bit, and thus increase drillability.

Rapid removal of cuttings from below the bit allows
each successive tooth impact to attack new rock; this,
of course, leads to faster drilling. Research has shown
that highly turbulent flow conditions at the hole
bottom are desirable for this purpose.2® Since density
appears in the Reynolds number expression, it follows
that, if all other factors are constant, an increase in
density will decrease the bottom clearance time of
cuttings. This is a minor effect as far as density is con-
cerned, and does not warrant specific attention.

Solid Content

Many properties of 8 mud vary with its solid content
and it is thus difficult to isolate data which relate
specifically to this factor. It has long been observed in
West Texas that very small amounts of clay solids in
the drilling fAluid greatly reduce the dﬂnm
tainable by use of water. Such decreases are com-
pletely beyond those expected from the relatively small
density increase, and it is apparent that other factors
must be involved. More recently, it has been found
that low-solids muds in which small quantities of CMC
are wholly or partially substituted for larger quantities
*f bentonite allow increased drilling rates,® despite the
act that all other mud properties remain the same. Itis
then logical to assume thaj the.solid content may itself

‘cushion the bit ‘tooth-rock contact such that a clean,

li
!
i

f
\

sharp impact is not ined. At any rate, it is the
opinion of many experts that the percentage of solids in
muds exerts a separate and distinet effect on drilling
rate.

Flow Properties

The same pumps are normally used for drilling the
entire hole. This means that the available hydraulic
horsepower must be essentially constant. An increase
in yield point and viscosity increases system f r@ctional
losses thereby reducing the pressure drop (and velocity)
which can be applied across the bit. Chip clearance
time is thus increased and penetration rate decreased.
Viscgsity influences bottom hole turbulence in the same

y; its effect on the Reynolds number is much more
drastic than that of density, due to its wider range of

values. For example, viscosi bottom hol
tion ranges froml 0.50 cpjfor water t¢ 50

colloidal muds, 2 ratio of 100

op for !}
ty va.nation\feit@/
same viscosity range might be from 8 to 16 Ib/gal, or a

\_ratio of 2. Therefore viscosity exerts a considerable

s

effect on the attainment of turbulent flow.

Results from the laboratory experiments of Eckel®®
are shown in Figure 8.15. Here the relative drilling rate
(based on the rate obtained using water as drilling fluid)

THE EFFECT Ot ORILLING FLUID PROPERTIES ON PENETRAT:

. RATE 125

is shown as a function of Stormer viscosity. Other
variables including per cent solids and filtration rate
were also involved, so that viscosity is not the only
factor influencing results. For normal muds, viscosity
and solid content are so interrelated that isolation of
either factor is difficult. From the standpoint of lubri-
cation between bit teeth and the rock, high viscosity
causes high film pressures, and hence reduces the
chances of having rock-to-tooth friction. Surface
tension also enters these considerations,

The bit teeth must shear and displace drilling fluid
before contacting the rock. The energy expended for
this purpose is dependent on viscosity; very high
viscosity muds may provide an effective viscous cushion
which softens bit teeth impact. Yield point effects may
be considered in regard to their contribution to apparent
or equivalent Newtonian viscosity.

r""RELATlVE DRILLING RATE - PER CENT
T T T}
o b |« oriiing Muo
e SOLUTION

scll® o
_Tex Y. °

N

" :r a B
LY d 1k .

. h O

- M s k]
o ¥ 1 G R v
. r 3 . i :
- -
) '

TG0 R0 90, 190 19, IR0, 00
L -VISCOSITY = CPISTORMER

Fig. 8.¥5. Laboratory data showing effect of visc.d.si'\‘,yv on
\ drilling rate. After Eckel,3 courtesy API. _—

Filtration Logg™= ="~ " T

re————

The effect of filtration on the dmw“ble
rocks has been explained by Murray and Cunningham®
in conjunction with their studies on hydrostatic pres-
sure effects. They found that penetration rate was not
affected by imposed borehole pressures if such pressures
were equalized ahead of the bit. Water, for example,
may readily enter a permeable rock ahead of the bit so
that no pressure differential exists_acress the thin

almost instantaneously deposit a tough, low permeabil-
ity filter cake on the hole bottom, allowing a defini
pressure differential to exist. This has two detrimental
effects: the dynamic filtration pressure effect already
discussed, and the requirement that the bit tooth
penetrate the filter cake prior to contacting the rock.
Also, the loosened cuttings are trapped in the pasty
filter cake mixture and require longer bottom clearance
times.

Figure 8.16 shows the observed effect of water loss on
the penetration rate in shale. As stated by Cunningham
and Goins,*! it is difficult to explain this effect in almost
impermeable rocks; however, even the extremely low

element being drilled. Low water loss muds, howeve:)
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Fig. 8.16. Effect of water loss on drilling rates when drilling a

Wilcox shale with 8 1i-in. bit in a lime base mud. Laboratory

data: bit weight — 750 1b; speed — 50 rpm. Each point is

average of 24 tests. After Cunmngha.m and Goins,3! courtesy

PctroleumEnymw

permeability of shales may allow some pressure equali-
zation effect. ‘Also, the increased starch content used to
reduce water loss could conceivably cause the observed
behavior. Thus the low fluid loss which is desirable
from _the formation damage standpoint xs undmable

{Chap. 8

dnlhng Generaiiy, these increases have been attributed
to bet n (increased bit life), b -hole
‘conditions (less enlargement, minimum heaving shale

roubles, less hole-pi pe friction and drag!: and less d less bit

ba.llmb hydratable clays and shales tpresent itis

porient facior-in-soft ook g1ede. .

Increased bit life means that less non-productive rig
timS T exponded in. meking THpeTTHUE-TH-o7or-al
penetration rate is increased. It has also been observed
that increases in on botlom drilling rate are also ob-
tained, despite the conflicting facts that oil additions to
water base muds generally decrease water loss and in-
crease apparent viscosity. Therefore, other factors exist

f—RELLATNE PRILLING RATE Pﬁﬂ C£NT

1
o MECHANICAL EMULSGQN
» SOAP-TYPE EMUL SION

. g

]

) N

() ) 20 . 306 40
Oil. CONCENTRATION PER CENT

BY VOLUME
Fig.. 8.18. Relative drilling rate vs. oil

imm_jzh& mmt of penet.mhen rabe
Ozl Con o
has long been observed in the field that the addition
oil to water_base muds almost alwaaﬂf; é‘E;E)roves
penetration rate In virt ypes TOCKR. 32:33
The largest increases appear to ocecur in soft rock

areas, with smaller increases being noted in har Tock
————
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Fig. 8.17. Increase in drilling rate vs. oil concentra-
tion. Curve (A) is for a Vicksburg shale; curve (B) is
for a Miocene shale (laboratory data). After Cunping-
bam and Goins,® courtesy Petroleum Engineer.

iy ntent==West-Texas-feld ‘data—-—After e e
~ - Eekel,3% courtesy API,- s

which more than compensate for the latter detrimental
effects. Density and solid content decreases may be
compensating factors in some instances. -

Laboratory test results showing the effect of il per-
centage on the drillability of two Gulf Coast shales are
shown in Figure 8.17. Note the optimum oil concentra-
tion for shale B which is not evident for shale A. This
optimum percentage (shale B) compares very closely
with the West Texas field data of Figure 8.18. Figure
8.19 shows the variation of drilling rate in Miocene shale
(B) as a function of both oil content and jet velocity.
This suggests that the optimum oil percentage may vary
slightly with hydraulic conditions. In these tests much
of the increased drilling rate was due to the decrease in
balling shown in Figure 8.20. The presence of oil is
thought to reduce balling by virtue of its preferential
wetting of steel resulting in less clay-steel adhesion. A
similar effect on the powdered, paste forming, shale
particles may also contribute to reduced balling. Addi-
tional tests performed on powdered shale showed that
the interstitial water content of the shale was insufficient
to form a paste and that additional water was required
for balling conditions. It should be noted that balling is
evidently not the only factor involved, since penetration
rate decreased above 159, oil content despite the
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. continued decrease of balling. Part of the increased
& drilling rate may be due to deeper tooth penetration for
; a given bit load when an oil film is present to reduce
& the rock-steel frictional coefficient.
Just why penetration rate does decrease at oil con-
' tents above an optimum value in some cases, or why it
. doesn't in others, is unknown at this time. Other factors
¥ appsarently become dominant under proper conditions,
and cause irregular drilling rate behavior. Available

evidence shows that oil concentrations of 15 to 209, are
- optimum in many cases.

Surface Tension

Russian authors have reported that certain electro-
‘lytes and surfacé active agents act as rock hardness

reducers with 30 to 60% increase in drilling rate being
obtained by their proper use. Presumably, these

R A L i

THE EFFECT OF DRILLING FLUID PROPERTIES ON PENETRATION RATE

NI

127

Percent balied bits .
o3 8888838838

4] 5 10 B 20 25
Volume percent oil

Fig. 8.20. Effect of oil content on the incidence of
balled bits in laboratory drilling of Miocene shale.
After Cunningham and Goins,3 courtesy Petroleum
Bngineer.

to the water.’® These increases were due to both in-
creased bit life and higher on-bottom penetration rates.
. Both the type of detergent and the character of the
rocks govern the effect obtained. It then appears that
alterations in wettability and surface tensions play some
part in rock drillability. This subject warrants further
mvesmgatmn and may oﬁer some: econormc prom:se

s e
L / \
k3 /
g —H\\
L]
. 3 N 7 .2 :‘.}4:1' VELOCITY
= Lo 5% RS
E ) s F1/SEC.
e %/ “az225F1 /3eC.
2 ®= 190FT/SEC.
% 3 1 15 20 23

PERCENT QIL N LIME BASE MUD

Fig. 8.19. Drilling rate vs. percent oil in a Miocene
shale from Louisiana. Laboratory data: bit was 13+in.,
2-cane jet, with 500 Ib weight and 50 rpm. Hydrostatic
pressure was 5000 psi. Each point is average of 16 tests.

After Cunningham and Goins,® courtesy Petroleum

Engineer.

materials act to produce more complete wetting of the
rock by the liquid. This suggests that microscopic
cracks, which tend to heal themselves after the bit load
is released, may be held open by the wetting film of
liquid; this would facilitate chipping by the next tooth
impact.?® Friction between bit tooth and rock would
be reduced, also. Tests conducted by the Battelle
group using sodium hydroxide solutions confirmed the
results claimed by the Russian scientists.

The use of emulsifying agents in emulsion muds ap-
pears to affect drilling rate, in some cases. Lignites,
salts of higher fatty acids, and other detergents or
surfactants are common chemical emulsifiers. Hard
rock drilling rates using fresh water have sometimes
shown marked increases when surfactants were added

8.6 Hydmuhc Factors

In this section we will be primarily concerned with the
rapidity of cutting or chip removal from below the bit.
Instantaneous removal of these particles is of course im-
possible; however, proper application of available
hydraulic energy can minimize regrinding and increase
penetration rate. This is the principle which has been
stated earlier as pertaining to the widespread ac-
ceptance of jet bits. The jets themselves do not drill the
hole but merely expedite cutting removal.

The effect of hydraulic factors on the drilling rate of
drag-type bits has been rather extensively studied.?—3¢
The principal conclusions from these studies were the

lowing:

1) Rate of penetration is directly proportional to
nozzle velocity (at constant circulation rate)
1£2) Rate of penetration is directly proportional to
circulation volume (at constant nozzle velocity).
The direct proportionalities noted were due, essentially,
to increases in the allowable weight on the bit resulting
from better hole cleaning at the higher volumes and
velocities. It should be noted that these results applied
to soft rocks and drag-type bits. This type of drilling is
carried on at relatively low bit loads, with penetration
rate being almost entirely dependent on the drilling
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fluid’s ability to remove large cutting volumes and

prev it balling.
e effects of hydraulic factors on rock bit drilling
rates have also been investigated.i%19:2431:37-40 Jy goft,

and medium rocks, increases in penetration rate have
generally resulted from increased hydraulic horsepower.
Some question exists as to whether these increases cor-
relate best with the impact of the jet stream as indicated
by drag-bit experience, or with the hydraulic horse-
power expended across the bit. Impact force depends on
flow rate times velocity:

®9) o §=Mu=%§3
where F = continucus force on bottom exerted by jet
streams, 1b

M = mass rate of flow, lb-sec/ft
s = mud density, 1b/gal

¢ = mud flow rate, gal/min

v = nozzle velocity, ft/sec

g = 32.2 ft/sect.

Field date on penetration rate in soft and medium
strength rocks are largely manifestations of increased
weight on blt made possible by improved bit and bottom
hole cleaning. - Figure 8.21: shows the typical increases in
i 'tated by mcreased nozzle velocity, as

[Chap. 8

soon as no appreciable regrinding oceurs. Nozzle
velocities above this latter maximum effective value will
result in no further increase in penetration rate. From
results in West Texas, Bromell® has concluded that bit
horsepower is an unimportant variable below penetra-
tion rates of 14 ft/hr, as long as adequate bottom hole
cleaning is provided. Total pump horsepower may be
reduced with no reduction in penetration rate resulting,
if the circulation volume is cut down and the nozzle size
is decreased, a8 shown in Table 8.1. The reductions are,
of course, limited by the minimum annular velocity
which may be tolerated.

TABLE 8.1
I1LusTRaTION OF CONSTANT PENETRATION RATE
At EsseNTistLy ConsTaNT Bit HorserowEeEr
anp RepuceEp CircunaTioN Vorumes*

. Reguired
Nozle engine Bit  Drilling
Surface g, Nozzle velocily, horse-  horse- rate,
pressure gal/min aree,in.? fl/sec  power power  fi/hr
1150 410 0.620 215 440 95 41.9
1128 345 0.488 230 340 90 41.3
1025 205 0.359 265 260 100 41.7
*After Bromell®, courtesy API.

e I A

Vlmes indicates- ba.ng, ‘which becomes more. severe s
bit weight is increased.
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Fig. 8.21. Combined hydraulic and
bit, weight effect on penetration rate in
California drilling. After Thompson,*?
courtesy APIL.

In hard rock drilling, the maximum bit weights ap-
plied are dependent on equipment considerations,
rather than on bit balling.] Consequently, it appears
that increased nozzle velocity aids drilling rate by
minimizing regrinding, with this effect disappearing as

Panetration rote
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Fig. 8.22. S curve relationship between bit horse-
power and penetration rate — Texas Gulf Coast
area. After Keating,4® courtesy APL
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Considerable attention has been focused on the
determination of minimum nozzle velocities which
must be applied to make the use of jet bits advantageous
over conventional types. It has been consistently
demonstrated that penetration rate undergoes a sharp
increase as jet velocity is increased through some
critical range. Maximum benefit is obtained above the
critical range, while lower velocities may prove less
effective than normal circulation through conventional
watercourse bits. Such relationships may be seen in
Figure 8.22 which shows an S curve relationship be-
tween horsepower and drilling rate.t® At low horse-
powers, little cleaning is done, and little penetration
benefit is obtained by increasing jet velocity. However,
at some intermediate value, sharp rate increases are
achieved from relatively small velocity increases. This
effect diminishes as maximum cleaning is obtained, as
indicated by the second slope reduction at the top of
the S.

Mipimum nozzle velocities of
to be necessary in-order to obtam substantial drilling
rate increases in most rocks. Maximum nozzle velocities
are not so well defined and have probably not been
attained for soft rock drilling. The practical limit is
imposed by available horsepower and nozzle erosion.
Maximum values. proposed for any case must depend
on the bottom clea.mng required; this is a function of

"It is apparently not possible to develop any general -
mathematical relationship between dri rate and bit
hydraulics which will fit all situations. lﬁbm
tion will, in most_cases, be a program which utilizes
maximum bit horsepower at all times. In general, the
available pump power is constant; therefore, since
the drill string losses increase with depth, the available
it horsepower decreases with depth:

()] \/H/Pg = HP, — HP,

where HPp = bit horsepower
= total pump horsepower
= system horsepower exclusive of bit

Since

quc
2) HP, = 1714
3) gAp. = constant

The cireulating rate, g, is governed by hole size and

#/minimur_sllowable annular velocity, and is often

treated as a constant in a given case. Thus for these
operational restrictions, the total pressure drop, Ap,,
must also be constant. Example 8.1 illustrates this
approach.
—-s_—/

HYDRAULIC FACTORS

it type, the ‘na.ture of the rocks being drilled, t,he

129

Example 8.1

Constant HP, Minimum ¢
Hole size = 8% in.
Drill pipe = 4} in., 16.6 b, IF.
Drill collars = 500 ft long, 6% in. 0.d.¢Z} in) bore
it = 3 cone, jet type, rolling cutter rock bit
ump capacity = 400 HP (output)
Required annular velocity = 1580 {t/min (from experience)
Caleulate (1) Operating conditions for utilization of 400 HP,

(2) Nogzle size at 6,000 ft depth, (3) Nozzle size at 11,500 ft
depth.

A'S}Kvlum.
In lieu of more specific data we will assume the mud proper-
ties of the Hughes charts in Chapter 7.

48] ¢ = 2.45(ds? — d,%)0a
= 2.45{(8.75)® — (4.5)%(150/60)
= 350 gal/min
Since =

ipe
mp - &R
- (1714) (400)
350

These are then the imposed operating limits for circulating
volume and pressure.
(2) Calculating hidraulic losses;

_ Ap.. = 20 psi (Figure 7.3, #3)

Ape = 1960 psi

o Bpy w220 psi. (Figure 7.5, 47). .
‘ ‘Apc "= 100 psi (Figure 7.7, 23 i)
vpae = 26 psi (Figure 7.11, 61 in.)
FApa.p, = 55 psi (Figure 7.11, 44 in.)

Ape = 421 psi

Apy = 1960 — 421 = 1540 psi
From Figure 7.9,

An = 0.260 in? = total area of 3 nozzles; v

hence

dy = (%éﬂ)m twi‘?.
The nearest larger stock nozzle size would normally be
selected.
(3) At 11,500 ft,
Ap.
Apy = 440 psi (twice)

= 20 psi (same as above)

VAp. = 100 psi (same as above)
Apa. = 26 psi (same as above)
Apap = 110 psi (twice)
Ap: = ggg psi
Apy = 1960 — 696 = 1264
Hence,
Ax = 0290 in?
dy = 0.351
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130 FACTORS AFFECTING PENETRATION RATE

Note that nozsle size is relatively insensitive to depth
changes under these conditions.

‘We now consider a second approach in which total
pressure loss, Ap,, is held constant at some maximum

value as dictated by pump and/or surface connection
ratings.?%4,4? The flow rate ¢ will be treated as a re-

strained variable free to vary above some minimum

value, i.e., ¢ 2 gmin; Where gmin depends on the neces-

sary annular veloeity and hole-pipe clearance.
Assuming turbulent flow and that annular losses are

relatively small, we may write:

@ ap. = Kig™*

where K, is dependent on pipe length, size, tool joint,

and mud properties, but is constant for a given set of

operating conditions. The power expenditure is

[
HF, = 1714

K!g!.sﬁ

® HP. = 5713
Also,

- 9Ap:
©® HP: = 1773

Substituting Egs. (5) and (6) into Eq. (1), we arrive at
an expression for bit horsepower:

- A K ot ss It can be shown (seem 6b)
: qop: 1 S
[vé) e HPp = FET Ve — T » . - 0, Lc(d \4 n'[

{Chap. 8

Substituting Ap, = 0.65 Ap,, € = 0.95, and solving

or dl
I/ App‘ ,
id 9o

(8.12)
Examuple 8.2 Constant Pressure Operation

Let us rework Example 8.1 assuming the same pipe_sizes
etc., and a depth of 6000 ft. This time we will lef Ap, = 2000
psig and ¢ vary, according to our recent discussion. Im-
mediately we see that Ap, = 700, and Ap, = 1300 psig.

Solution:
0.5
Vo = 0.57(-_2‘)00) )
K,
To determine K; we must eonsider both the drill pipe and
drill collar section.
It can be shown (see Problem 6b) tha.t

) of dp\ 458
Apy -+ Ape = Ap,) 1+ d) ]

where L,, L, = length of drill collars and pipe, respectively, {t
d; d, = internal diameters of same, in.
Since

0.58¢'-3L

Apyp = J600diE = turbulent pressure loss inside pipe,

psi, according to Hughes charts
(see Problem 6)

Differentiating (7) with respect {0 ¢, notin g that Ap, =
constant, and solving for maximu @ hich 1§ the

desired operating condition:

.10) AP: = 035AP:
or (
(8.10a) Apr = 0.65Ap,

This shows that bit b ower is maximum when ap-
proximately 6557‘]0 of the total pressure drop occurs
across the bit, pump pressure being constant. It is
‘generally desirable to operate with maximum bit HP,
(if feasible. We must now determine some rational ex-
pression for the corresponding value of g. This is readily
obtained from Eq. (8.10), sinee Ap, is known from pump

rating, etc.
from which

811) G, = 057 ‘;:"

This expression allows calculation of the correspond-
ing nozsle size, since from Chapter 7,

3
AP = T
where p = mud density, 1b/gal
C = nozzle coefficient = 0.95 for jet bits
d, = hydra..ulically equivalent single nozzle diam-
eter, 1n.

= Kyg'* = 0.354p,

= optimum ¢

(7.13)

M
Submtutxon of values yields

(0.58)(5.5) 0.5(3.83 408
- S (e
LN

Solving for go:

2000 \o.64
qo = 0. 57(0 00682) = 507 gal/min “/

The corresponding nozzle size is
de =0, 123(507)112( % 50) = 0198 i,

Assuming 3 equal size nozzles, the actual size of each
should be:

T\&)

Example 8.1. -
Ex. 81  , ops = 1540 psi/]
Ex.82 ( ops = 1300ps ,

Wenote that the bxm  drop ped 240

but due to the increased flow rate (an @ant HP)
ﬁle bit power has been mcreased by 20.HP ~ Actuglly-

Example 8.1 is the more efficient, in terms of per cent of
put power utilized at the bit; however, bit HP isless.
‘—’——M-———-——-———
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Depending on the situation, rig equipment, ete., either

0 some cases constant
HP issi

ble to some particular depthJ at which point the

optimum rate may become less than the minimum value
'missi eanin

ble for hole cleaning. Mﬁs_wﬂlﬂt_%he
operation necessarily changes to that for constant HP

The article by Colebrook™ contains a number of

VE'GNT"ON-BH-POUNDS PER {NCH OF BIT DIAMETER

is solved graphically with Figure 8.23.
Example 8.3 (After Speer?s)

A certain rig is available to drill a 1,000-ft homogeneous
shale section. It is desired to determine: (a) optimum operat~
ing conditions for the available rig; and (b) the equipment
required to drill the shale section most economically. The
given parameters are as follows:

/da,ta. This method is illustrated by Example 8.3 which

useful curves illustrating the effect of certain variables 1. 400 HP pump
on cpnstant pressure operation. 2. 44-in. drill pipe
3. 9%-in. hole

either of these approaches may be desirable in hard
rock drilling where maximum benefit from bottom
cleaning may be obtained at a lower hydraulic level than
that predicted by either method. This is well illustrated
by Bromell’s data in Table 8.1.

Vﬁ[o i

conditions velo by John § *3 who has
presented a comprehensive analysis of a large number of

4. three i-in. bit nozzles

When the shale section is drilled, short-duration tests of
weight vs. penetration rate are made (1] to establish a drillabil-
ity index for the formation and (2) to determine at what
weight the bit begins to ball up with the available pump (a
tentative index must first be established to select an appropri-
ate rotary speed). These test values are plotted on the weight
vs. penetration rate chart (upper righthand section) and an
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132 FACTORS AFFECTING PENETRATIONR, .

Turbine shaft

| Stator bloding

( \‘

- Turbine blading

\Houshq

NN

A

Design of single-stoge section in turbodrill

{Chap. 8

ﬂ Stotor

Blade
Rotor blading

maovement

Typical cross section of turbine blading
showing the flow of fluld through one stoge of the unit

Fig. 8.24. Elementary diagram of turbine components. After LeVelle," courtesy
Petroleum Engineer,

appropriate curve is drawn through them. The low weight
section of this curve should be linear until the bit begins to ball
up. From the point on this curve where the bit begins to ball
up, & horizontal line is drawn left to intersect with 400 HP.
The single point thus obtained is sufficient; a linear relation-
ship can now be drawn between hydraulic horsepower and
penetration rate for this shale section. It will be noticed that
_this index is in & sense dimensionless, inasmuch as it includes
hole size, type of bit, drillpipe size, etc. As a next step, a
* vertical line is drawn from the weight where the bit begins to
ball xxp downward, to intersect with the oplimum W vs N

. ~The mterseéhon shows ‘thiat’ th!s formatmn would be )

8.7 Other Drilling Methods

While considerable effort has.been exerted to increase
conventional drilling rates, the possibility of developing
other drilling methods has not been ignored. These
range from mere variations of the conventional rotary
technique to radical departures from basic methods.
The future application of any new technique will depend
on the standard American questlon can 1t do the ]ob
more efficiently? . :

8. 71 The 'I‘urbodrxll

Now return to the weight vs. penetration rate index, and
extend the linear section of the curve to intersect the optimum
weight on bit curve. From this point, a horizontal line is
drawn left to intersect the hydraulic horsepower index curve
already established for this formation. This intersection gives
the hydraulic horsepower required to maintsin sufficient
bottom-hole cleaning to permit use of optimum weight. A
vertical line is also drawn downward to determine optimum
speed of rotation for the new weight. These manipulations
show that minimum footage cost could be achieved in this
formation with a 580 HP pump, used in conjunction with a
weight of 5,600 Ib/in. of bit diameter (55,000 1b) and 95 rpm.
By working backwards from the hydraulic horsepower index
curve, the best weight and rotary speed practices for any
hydraulic horsepower can also be determined in the same way.

Inspection of Figure 8.23 shows this method to be
based on the linear relationship of hydraulic horsepower
and penetration rate. This premise has been questioned
by Moore®® who, among others, feels that hydraulic
effects are best expressed by impact force (Eq. 8.9).

The reader should not infer that any of the various
empirical expressions presented in this chapter are in-
fallible. They are presented as means of estimating the
effect of certain factors; the refinement of various
parameters must be attained under individual well

conditions.

The turbodnll is a rotary dnllmg devxce employing
the same basic mechanism as the conventional method.

The principal difference is that the bit’s rotation is pro- R '

vided by a down hole multistage turbine which is
powered by the drilling fluid; thus rotation of the drill
string is eliminated. The turbine section contains
matehing sets of stators and rotors, each pair being
referred to as one stage. Current models utilize 100 or
more stages. Drilling mud is deflected by the stator and
strikes the rotor blades, causing them to rotate (see
Figure 8.24).4* The design principles governing nozsle
and blade angles are the same as in other types of
turbines. Variations in these factors allow the design of
turbines with different operating characteristics as
dictated by different applications. Figure 8.25 is a
cutaway view of the French (Neyrpic) model which has
had considerable success in European tests.*s
Turbodrills are not new as far as the idea of their ap-
plication to drilling is concerned. The first patent
relating to turbodrilling was issued to C. G. Cross in
1873, almost thirty years before the use of rotary tools
in oil well drilling. Subsequent development in this
country was sporadic; although various turbodrill de-
signs were developed and field tested, they are generally
unsuccessful.*47 The main failing of American designs
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