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Abstract

A Vibrat sied

experimentally invstgned in this stdy. Similar deiling technologies and thee
mechanisms wer eviewed duin this investigation. A aboratory experimental diling
ystem was developed. This syt is capabe of providing basic controls aver most
diling operting parsmeters: it il capble of providing vibratons with adjusble
amplitdes ncar the bi. Relationsip between the Weighton Bit (WOB) and Rae of

o coring and full face diamond impregnated bits were then conducted. The effcts of
vibrations with various amplitudes on the conventionsl WOB-ROP. relationship were

studicd and discussed.



Acknowledgement

1 would ke to express my sincere appreciatons and respects (0 Dr. Stephen But and

Katna Munaswamy for ther supervision. | would also like to thank Farid Arvani, the

managerof the
harle Gil Josh Roberts,

for their great dedicatons during the development of the VARD experimental fcily

Matt Curtis. Their

support made the VARD experimental failty posibl.




“Table of Contents

Absimct
Acknowledgement
Listof Tables
Listof Figures
Listof Symbols
Chapter | Introduction
1.1 Organization of the thesis

1.2 Oiginal Contribution

Chapter 2 Lierature Review
2.1 Rotary Driling Sysems
22 Driling Cost Anlysis
2.3 Factors Affcting the ROP i a Rotary Diling System
231 Dl it
232 Operston Parameters
2.3 Rock Properties
2.4 Drling wit Vibatons
2.5 Percusive Hammer Driling
2.6 Vibrtion Asssed Rotry Diling
2461 Resonant Sonic Driling
2462 Surace Mechanical Vibrator and Ofore Sampler




263 Electro-Magnetostricton Vibratory Drill »

Chapte 3 Experimental Setup 6
3.1 Introduction 6
3.2 Vibration Velocity Source 6
33 Rotary DiillSystem 3
3.4 Modificatons o the lsboratory VARD testng sysiem 9

34.1 WOB System 9
342 Installaton and Modification ofthe Vibrtion Table @
343 Environmental Protection “
44 as
DAQ-System 46
35,1 NIDAQ-System 46
3,52 Micro Stran Wircless DAQ-system 4
3.6 Sensors 4
361LVDT @
362 Load Cell 50
363 Rotary Encoder s
37 Driling System Capacities 5
3.7.1 Suspended Weight o Sttic WOB Conversion 5
3.2.2 Sudy of he Vibration Displacement Amplitude 6

3.2.3 Sudy of he Vibration Force Variation Amplitude 6



Chapter 4 VARD Experimentson Coring it
41 Objective
42 Verification of VARD Technology
43 Sample Prepration
44 00RPM Coring Bit VARD Test
441 Procedure
442 Experiment Resul
4.5 GOORPM Coringbit VARD Test
451 Procedure

452 Experiment Results

Chapter

5.1 Intoduction

5.2 Experimental Setup for the Coring Bit Driling Fluid Study

s

Chapier 6 FullFace VARD Experments
6.1 Pecparationofhe Sample
62 Condiioning of h FulFac Bi
3 Conventona Rotry Full aceBit Experiment

64 Full ace Bit VARD Experiment



Chapter 7 Conclusion and Discussion

7.1 Conclusions

7.2 Discussions o the fture work

Reference

Appendi A: Displacement amplitude measured by data without diling

peadi

Appendix C: Displacement amplitude measured by data while diling

Appendix D: Calculaton ofthe Pump O Force During a Drll OffTest



List of Tables

Table 3.1 Driling data during th test un with the constant WOB system

Table 4.1

Table 42

Table 5.1

“Table 6.1 Data fo the bit conditoning under 2 kg WOB

“Table 6.3 Driling data o the fllface bit VARD experiments




Listof Figures

Fig 2.1 Land based il ig (rom o howstuffsworks com) 6
Fig. 22 Drl it for il and gas drilling operations 9
Fig. 23 WOB-ROP plot btaned from the xperimentverifying the Maure’s

model n

Fig. 24 Rotary speed- ROP with and without confining pressue (fom

Cumingham, 1960 2
Fie
(Hoscnic, 2009) 5
i
encrey) (Gstaderand Raynal, 1996) N
Fig. 2.7 Sketch of down bole percusiveai hammer (Whitly, 1986) 17

Fig. 2.8 Tensie fulure require less energy explained by Mobe-Coulomb faure

cierion with tension cutoff 10
Fig 2,

)
Jumping Pound rea (et snd Clearvate (sght (Finger, 1984) H
Fig 2.
ROP (Lagrees 2002) 2

Fig. 2.11 WOB-ROP envelope showing the hammer supply pressure plays 3

dominan rle (Finger, 1984) u




Fig.2

Drillng @) 2

Fig. .13 Surface mechanical vibrator (right: lower section; et upper section)

(Eskinetal, 1995) »
Fig.2

(from Eskin, et 1999) »
Fig2

1058) 0
Fig 2,16 MBS-108 vibeationunit (Esin et L. 1995) 3
Fig 217 MVS.90 vibrstorusit (Eskin et ., 1995) 3
Fig. 3.1 Syiron VP51 shaker able ¥
Fig. 32 Millwaukee motorand il il i st B

33 -

of dimeters w
Fig. 3.4 Drill ig nstlled with  bike whel o provide consiant WOB 41

Fig. 3.5 WOB-ROP crve duing the st ru ofmadifcton f provide consint
won «
Fig 3.6 Brackts designand fnl product 0 hod he sample “
Fig 38 GHSA 750:250 LVDT mounted on VARD seup ) and DLD-V

signal conditioner (ight) W
i, GHSA 750-250 LVDT 50
Fig. 3,10 Innr sructue of pancake load cell st

(ef: from Pirson; right from Honeywel) s1



Fig. 3.1 Fullbrdge strain gauges loadcell (from allaboutciruitscom) 52

Fig 3,12 Load cell and ts mounting unit 5
coupling units were finished and sssembled) B
Fig.3.13 Calibration curv of load cel with wireless trnsmittr s
Fig.3 Instruments)

Fig. .15 Nikon RXA rotay encoder mounted on the VARD dsilrig 56

Fig. 3.16 Comparisons of the rotary encoder signalduring ‘good runs” (ef) and.

runs withsliding issues (righ) under low level of vibration VARD drlling 5§

Fig 3,17 Suspended weight o WOB converson rom e scale st @
Fig.3 o
Fig 3 vor
shakercontrol setings withou drilling @
Fig 3

o

shaker control stings

Fig. 321 3-D plot of Displacement amplitude dependent t static WOB and

shaker contrl stings o
g 322

aker control stings @
Fig. .23 Mean valu of thust forse mesured by lod el @
Fig. .1 Verifcation st showing he ROP increment brough by the VARD
aniting n

Fig.42 n



Fig. 43 WOB- ROP plotat 300 RPM with and without vibrations "

Fig. o g
vibration 3
Fig. 4.5 WOB- ROP plot at 600 RPM with and without vibrations 1l

Fig. 4.6 Example ofothr coring bit diling experiments a high RPM for 3

ifeentdimond coing bit types (rom Ersoy and Wallr, 1995) 50
Fig 51

ull e it diling 5
Fig 520

fcility s

Fig. .3 Retumod flowe o the surface with ncrasing flow e from 1 US gpm
106US gom. »
Fig. 5.3 Rt of pentrtion as a function of flow rte nder 61.6 kg WOB 90
Fig. 4 Rate of penctaton s  unction of actual WOB o

Fig. 6.1 Photo ofthe AWJ fll facebit purchased from Boartongyear inc. 93

Fig.62 ROP varition withsccumulated eael during conditoning o6
Fig 63 Bitfcebefor (upper) and aftr lwer)condioning 9
Fig. 64 Actual drilling data istribuion with inceasing WOB 106
Fig. 6.5 Averaged conventionl drilling data with increasing WOB w07
Fig 66 VDT during face

experiment 107

Fig. 6.7 3-D Plot ofthe shaker amplitude during VARD tst 108



Fig. 68 VARD full fuce experiment esult—ROP s  function of WOB with

muliple levels of vibrations 1o

Fig 69
muliple levels of WOB m
Fig. 610 3-D ROP surface 5  function of static WOB and shaker conrol
setings n
Fig. 7.1 Comparison of the VARD rig i fll, 2008 (Ief) and August, 2010
right) s



VARD

of Symbols
Description
Totalcost
Varisble cost
Dril bitdiameter
Well depth
Down- The- Hole percussive hammer
Frequency of magnetostritiv vibratoy dell
Pump off force
WOB monitored at surfaceat drill ofpoint
WOB monitored at surface when bit i off bottom
Maximum impact foce of magnetostricive vibratory drill
Constant determined by empirica diling data
Bit rotary speed
Pressure drop acrossbit
Standpipe presure when bit i ff bottom
Standpipe pressur at dil of point
Shikier contrl seting position
Rate of penctration
Rock penctability index
Rock uniaial srength
Flatline time (non-penctrating time)
Driling time (penctrating ime)
Mechanical specific energy
Unconfined compressive stengih
Vibration assised rtary driling
Weight on bit



Wo Threshold weight on bit

‘ WOB. Efective weight on bit accounted for pump off force:
WOB Static weight on bit mechanicaly tresed by drillsystem
An Effective pump offarea




Chapter 1

Introduction

Rate of penetration (ROP) is an important indicaor of a driling system performance,

which is F

In the modem drilling industry, fust penctration rae is acquired by advanced del bit
designs, cxtending bt lfe, reducing wel bore diameter, ordrlling with low density mud.

All these efforts are doe based on the existing rotary drilling system. Up to dat, fewer

ly
Ithough these new ©

» s, For example, g
percusive hammer dril bresks the rock by high encrgy impacs in the aal dirctons.
“This porcussive hammer drll has higher mechanical energy cfficincy, and coud
Significanly incress the ROP when deiling it hard rocks, Anothr cchnology called
ultra sonc driling vibates the. bt wilh high frequency with small amplitude and

resonates the dril sring (o increas the dynamic force. Advantages were scquired when

One ofthe major issues of these technologies 10 be applied n the oil and gas industry i

that

problen i that high energy impacts could decrease the del string stablity. For these



reasons, developing a new drillng system with moderate frequency and low amplitades

In the current thesis, a laboratory scale Vibration Assisted Roary Drilling (VARD)
experimental drill ig was stablished by the author. The effcts of these mid-requency,
low amplitude vibraions on the rate of penctrations were then_experimentally

investigated

1.1 Organization of the thesis
T chapter 2, thre willbe a review of conventional land based ol and gas roary dilng
systems. Factors influencing the at of pentrtion, such as weight n bi otry speed,

bitype

percussion and vibations willalso be introduced. These technologies have been found 0
have the potential 10 increase the rate of penctration throughout lsbaratory experiments

and field ias.

Chapter 3 will eportthe development of VARD Phase I” experimenal dil system and
provide descripton of the major components including an elecric coring dril rig, a
vibration table, and & data acquisition system. Sensors mounted on this system which

force,bitravel, "

such s i the suspended weight to real weight on bit conversion, and i) intraction of
shaker paylosd 1o the vibration displacement and force amplitudes will be presented in

this chaper.



Chapter4

were conducted under 2 differen levels of rotary speeds (300 and 600 RPM), with
maliiple levels of weight on bit and vibration mechanical powers. Significant ROP
improvements were revealed under relatvely low WOB conditions. The levels of the

vibration mechanical power have ffects on the shape of the WOB-ROP curves.

Investigation of the drillng fluid flow

e will be reported in Chapter 5. This
investgation was conducted 1o access the effect of driling flids on the ROP.
‘Conventions rtay drilling experiments were carid out unde various flow condions
whil other operatng parameters wer kept constan, The reslt showed that two effcs,

‘which were i) the pump off force, and i) bottom hole cleaning ineract with cach other,

Full face it
uid flow rate were kept constant, whereas $ levels of vibration mechanical power were

c

bt resuls, these experiments were conducied under rlatively low WOBs, where the
WOB-ROP curve s for from satraton. For this esson, a bete observaton of the
positve effct brought by the vibration could be ealized. The result showed that the
vibraton mechanical power could bring a proportona incease 1 the ROP while the

WOB was kept constant.




1.2 Original Contribution
‘Based on the observtions during th laboratory VARD experimens,the vibrations with

fined frequency (at 60 Hz) are found (o have brought significant ROP improvements

Weighton Bt (WOB). The . which
s represented by the control factor “shaker contol settings’, was found 10 have

proportonally increased the ROP. The added vibrations also changed the slopes of the

iginal WOB- hips. Higher vibration energ

Slope of the WOB-ROP curve, and result in an carler founder point. This may result in

reduced WOB operation ranges when vibratons are introduced, however, the peak ROP

ighe levl of vibratios.



Chapter 2

Literature Review

2.1 Rotary Drilling Systems

s reservoirs. - Hundreds of wells may need 10 be drilled during the explortion and

development of one il reservor. In the modem driling industry, most oil and gas wells

ketch

Fig. 2.1 It consiss of the following sub-systems: hoisting system, roary system, drill

string, bottom hole assembly system,
o thebit. L e
and drller. The dill

contact surfuce by a force called the Weight on Bit (WOB). This WOB, lso caled deill
pressure, s a balance of the self weight o the il srng, the buoyancy force generated

from uid i the annulus, the drlling fluid pump off pressure, and

Toad,

all other driling parameters constant.



Fig. 2.1 Land based dril i (from www howstufTsworks.com)

Onc it reaches the bi, it s jected by a et of et nozzles 10 the bottom of the wellbore,
then retums from the anulus, (which i the space between the dil ting and the well

bore), up o the surface. Drillng fuids are cruial in modern diling operations: Nushing

hermal e, and balancing the formation pressure o prevent ki o blow outs for well

control,




22 Drilling Cost Analysis

W the drilling
operation cost comprises one of the major expenses in the crude ol production industry.

Drilling rte, or called the Rate of Penctration (ROP), is a major indictor to the

ling systm. High

ereat potental to reduce the overall drling operation coss

Jean van

of the ROP influcnce o the overal diling operaton cost. The operation cost data were
collected based on some field oil and gas drlling operation repors in Newfoundiand. A

rillng costfuncton was etablished.

({To* Tr)*Cet Co/ D @n
I Eqn. 2.1, Varisble cost-total varible cost*24/calculted ot ime.

“The sensitvity analysis based on this cquation shows that under on-shore oil and gas
rilling conditions,increasing the ROP rom 15 mihr to 27.5 mh, will reduce the cost

per metr from

e even more signifcant —cost educes from US $250/m o US $150/m, while the ROP.
fncreases from 4.5 mubr to 8.7 m/h. Anothe drilling cost model from Finger (1984)
showed a S0% increase in the ROP willresult an overal cost reduction of 7.5% during.

‘geothermal explorations

A major trade off o the cost reduction resuled from high ROP is the heavy bit wear

under high ROP drillng conditons. This fs bt wear rate would require mre frequent



change of the bit, which both increase the bit cost (fxed cost) and the non-penetration
time whi tipping the bit for replacement. The dilling cost model developed by the

VARD team (Van Wik, 2009) has found that during on shore oil and gas drilling

operton,with
dose to 1%, from US $700im to US $790m. The evaasions of new drling
{echnologie shouldbe valated basd on bothofthese two factos (ROP and bit wes),
Masrer (Maure, 2010)commentedthat  25% incrcase in ROP i  miimum trget for

e drilng technologics.

2.3 Factors Affecting the ROP in a Rotary Drilling System

which

s crucial o the overall diling cost.

2.3.1 Drill Bit
a

fied by the rock breakage mechanism (Bourgoyne, e al 1991), two types of deill
bits ar widely applid in the oil and gas drillng industy: the drag bit, and the ollr bt

(Fig.22).

‘As shown in Fig. 22, a roler bit has 2 to 4 rollng cones with inerted teeth. The teeth

percussion impacts from the tooth. Maurer (1965) and Yang and Gray (1967) examined
the exact rock breakage mechanism during the bit ooth impact. Their indings showed
that with fixed pore pressure, rock filure mode tends 10 transform from brc to

psuedoplastic (Maurer, 1965) o ductle (Yang and Gray, 1967).



Fig. 22 Drll

Left:olle bit from Sandvik) Uppe ight: PDC bi Greenberg 1., 2010)

forced

10 move forward, an area of compressive stres concentration is generaed, and his stress

concentraton will eventually lead the rock (o fil in shear, according to Mohr’s fuilure
crteia, In recent years, as new types of drag bits, mainly Polycrystalline Diamond

Compact (PDC) and Thermal Stable PDC (TSP)

s, were developed. These became
more tempring options for thei increased durabilit and ROP compared (0 roller bits. A

Iaboratory investgation (Black et al. 2008) evaluated the performance comparison of

PDCbi,

type of rock (C same

size of thebit (6" diameter), the PDC bit could each a ROP close 0 15.2 m/h (50 fUh)



a low WOB of 8607 kg (19000 Ibs), while the diamond impregnated bit had only 2.43
/b (8 V) at a WOB of 13590 ke (30000 Ibs). The roler bit performed the lowest ROP
of only 1.7 v (4.5 V), while drllng at  very high WOB of 18120 ke (40000 Ib).

2.3.2 Operation Parameters

WOB, bt roary spcd,
1ot and purmp off presur. Many rescarchershave esablished thei empirical functons
between the ROP and thse operaton parametrs. The most widly known madel s
Maurer's diing model (Maure, 1962), whicis cstablishd basd on perfct botiom

hole cleaning scenario, as shown i Eqn. 22:

@2

I this equation, K s a constant which could be determined based on local cmpirical

rillng data; W is the WOB, Wo i the threshold WOB, whic

s defined as the minimum
bit weight o stat the bit penetraton; i the drill bit diameter for full fce bits; N i the

it oty specd: §is described s the ‘dilabilty strengih” of the rock.

Among the parameters in Eqn. 2.2, the WOB (W) s believed o be the strongest fictor
affcting the ROP, In Maurer's madel, the ROP proportonally increases with W, unila
crtcal founder point, where ROP begins to decline. This decline is cawsed by two

possible reasons: limi

i of the drill motors torgue, or insufficient botiom hole

e the WOBR( Fig 23




Fig. 23 WOB

(Bourgoyne Jr, and Milleim 1991)

Anothr diling parameter siongly affcting the ROP s the otry specd. I Mauer's
heory, (B, 2.1 the ROP is proportonl 0 the oy speed. Hower, Cumningham.
(1960) concluded that th otary specd-—ROP relationship coud be affced by the
formtion confning pressrs (Fi. 2.4). He lso rcondd the penctraton per evoution
undee ifent confiningpressures, and found that t 000 pi ofconfiingpresre, the

penetrationfrevolution was. reduced with increasing rotary specd, meanwhile, at 0




ROP-RPM under
0 confine Pressure

Drllng Rate- FTHR.

== ROP-RPM uader
. 5000 PSi Conine
7 Pressure
Rotay Specd (RPM)
Fig Cunningham,
1960)
233 Rock Properties

In Eqn. 2.2, Maur propor 1035, where ted

the “drilabilty strengah'. This drillbility strengih is corrlaed (0 the rock compressive
stenggh and shear sirength. Hoscinie and Ateaci (2009) define “drillabilit’ as “the

e of drlling systems”, while they atiempied (o creste an index called Rock
Pencrability Index (RPI) showing the relationship between driling performance (ROP)
and rock propertcs. During the cstablshment of this RPI, 21 rock property factors

affecting the ROP were evaluated from previous publiations. Based on the frequency



that these rock properies had been mentioned in other publications, the 12 most

significant facors for the ROP were selected. Then a statsically calculated number,

presenting his factor's was,
The K
Rock characteristics Total weight
Hardness 00998
Compressive strength 00883
Young's modul 00862
Matix type and cementation 00874
Quartz conteat. 00992
Schmic bamimer rebound 00834
rexture ype. o682
Density 00738
Abcasiveness 00855
athering. 0077
Grainsize and shape 0075
Tensil suength 00733
. 2009)

Gstade and Raynal (1996) investgated the influence of 4 rock properties that elated to
rock drllabilty. Those propertis are hardness, specifc disinegration (which is very

sectons), sonic

velocity and Young's modulus Their investgation not only showed that the ROP is
cormelted to those rock mechanical propertes, but they also presented the relationships
between the hardness and the other three propertis. The relationship between the

hardness and was found Fig. 26.

ROP reduces with incressing of the rock hardness; it also showed  trend of the ROP.

reduction with th increment of Young’s modulus. The sonic velocity was found to have:

B



effects similar o the hardness on the ROP. The ROP! sonic velocty plot gave a similar

rend (o the ROP-Hardness plot

3 8

o oy deds

Fis.
(Gtaider and Raynal, 1996)

Although the drlabiliy rescarch showed many fators potentaly affects the ROP, the

the unconfined compressive. stength (UCS). This was mentioned i Maurer's

interpretation to the “drllabiliy strength'. Spaar et al, (1995) also pointed out tht the

Unconfined Compresive Strength (UCS) and angle of intemal friction are two

determinate factors for PDC bit slection.



2.4 Drilling with Vibrations

“The sbove section discussed the factors affecting the ROP in a conventional rotary
drlling system. To acquite improvements of the driling performance, most modem

a result of these great effort, the roary drillng systems have been optimized to such a
level that there are few fundamental variabls that can be modified to futher improve
ther performance. Up to this stage, it has become necessary and valusble o re-examine

the potentia of othe fundamental drillng mechanisms.

which is

believed to have great potential to increase the driling performance. In 2008 a project
called “Vibration Assisted Rotary Drilling (VARD)' was launched i Memorial
University of Newfoundland with the purpose of developing a sutable vibration diling

technology based on the xisting roary deilingsystems i order 0 ncresse ROP. A wide

) percussive hammer driling, which is widely spplied in shalow hol driling on hard

rocks in mining industry; i) sonic vibration drlling, which is very suiable 10 dill in

driling
‘willbe studied by this rescarch,

Although these technologies have some similriies by combining different levels of
vibraions t0 the rotay driling systms, their driling penetration mechanisms are quite
ifferen, The following section will review these technologies, and the positive and the

negative effect they bing.




2.5 Percussive Hammer Drilling
A persssive hammer dil sysem breaks the rock by creting prcusive impacts
Depending on wher the percussion hamme s nstalld, he percussive drlsysiems re
casifid it w0 types—Top hammnrs and Down the Hole (DTH) hammers. The top

hammers have ther percussive pistons installed on the surface. The percussive encrgy

are not igh, when drllsrngs are long, top hammers are less adopied in many modemn

drilng operations. In contrast,the DTH drils, which are designed o be compatible with

A typical DTH percussive hammer drll assembly consists of a piston between two.
Chambers (upper and lower), @ set of valves,  percussve dil head (ypicaly botiom
inserted bi) which has some allowance 10 travel and @ chuck which limits the bit

movement, A DTH drll assembly is shown in Fig. 2.7 As described by Whitcley and

—

P pressure begins 0 accumulate in

opof the b



Fig 27 Sktch of down hole percusive i hammer (Whicy, 1956)
“These sris of moions result in  diffrent rock fifre mechansm, compared with the
conventionldra bit based roarydling system which brsks he rock by sher lure
brought by the bit roaton, Han and Brno (2006, desribed th rock fure progress
\hiledriling it a percussive hammer: 1) il bit pentrats rock with compression
and vibrtion; 2) rock receves impact, stes propagates, and damage sccumlaes; )
tock fis and disaggregats; nd 4) cutings transport away fom the bt and p in the

annulus” (p2). They alo studied the rock breakage mechanism and simulated a chisel

Fnite Element EM). A




v . Therefore, at rock materal removal

failure. Paul

existence of tensile fulure, through thir simulation study using FEM. The location of
thir tensie fracture zone was sightly different from Han's and Bruno’s study. Several

other rescarchers (Rabi

1985; Lundberg and Okroublik, 2001) explained the cause of
the tensie filure as reflection of the compressive waves creted by the bit. Despie the
different approaches explaining the rock filure mechanism, most escarchers agreed on
the existence of the tensik filure during the percussive diling. Ths helps explain the
performance improvemens brought by the percussive driling, because in Mohr's falure
envelope rock tensile strength is much lower tha the shear trength (shown in Fig. 2.
“This imples that percusive driling requires much less energy 1o break the rock
‘compared to conventionsl otary driling, which reles on shear flure of rock surface by
bt torque (Fossen, 2010,

Due 1o the unique rock breakage mechanism, and the fuct that most percussive drill
apparatus use ai, foam or other underbalanced drilling fuid as the working fluid a the

drilng fuid,  general trend of ROP increment could be observed in most field reports

drils. Finger (1984) reported a 100% increase of ROP compared with a conventional

drilng system, whie drilling granits with foam driling luids. Prat (1989) published

ber per

drilled through full depth of the wels. The drillng histories are demonstratd in Fig. 2.9,



Intis igure,
o mud rotary and air rotary drllngs. Eskin et al. (1995), conducted several hydraulc
hamme field tests in an exploraton fild in Bashkirya, Russia at  depth ranged from

25010 1300 m. ROPat

with 1,95 and 1.76 mh while deilling with a turbo drill and a rotary system. It also
performed a longer bi life a an average of 26.7 mrun, which i more than 100% bigher

1.4 mirun and 10.8 tivel

prie i g ] -
ot e e Ll
contng s e e
Fig.28

with tension cutoff
“The foregoing sections explained the technological advantage brought by the percussive
drills; the next section will discuss the operaion parameters of the hammer il

Compared o rotary drilling systems, percussiv dils have two more factors—the piston



impact energy and impact frequency. Meamwhile, because of the change i the driling

‘mechanisn, other parameters, such as WOB, also have  different effect on the drilling

L oo
o s
o
o
-
or [
- 3 - g
- z
-~ [ H
P w0 H
o
o -
oo —
N EREE
o
i

Jumping Pound area (1ef) and Clesrwater (ight) (Finger, 1984)
Penningion (1953) conducted an investigation of the performance of percussive driling

based on the top-hammer system. In thes

maldple impact tsts, an important concept
caled the indexing angle was developed. This ‘indexing angle’ stands for the angular
otation between two impacts, and was detemmined by the ratio between the otary speed
and the impact frequency (impact per revolution). Pennington (1953) found that at a
crtcalindexing angle, the volume of crater per impact coukd reach 3-4 times more than

the single impact crter volume. Some furher detaled investigations of this indexing

» by Hartman (1966), parale indexing



(wedge impact into specimen with different distances) investigatons and made the crater
volume as the indicaion of the effciency of diferent indexing distances. He found that

"

Pennington (1953) also conducted fckd trals with the percusive hammers. High ROP.
was achived under low WOB, high RPM, and high dynamic percusive impact force
level. The indexing rato also affcted the drilling performance, The optimized ratio
beteen vibrtion frequeney and rotary speed was found o be 200-300 Hz with 60-120

RPM rotaryspeed with their 4 58 inch percussive botiom bit. This result, combined with

thata a be

necessary while drillng through diferent formations.

Lagreca e al. (2002) presented some field result showing how the WOB affects the ROP

" I thee tests, WOB 0225
o (5 Kibs) in o minuts intrvals, A clea insantancous ROP variation could be
observed during the change of WOB, as shown in Fig. 2.10. They alo reorid tht the
optmized WOB was round 5-10 Klbs, which was not a igh valu as their maximum
WOB went up to 135 ton (30 Klbs). The optmized WOB in such a low value vas
explained s “escesive WOB causes loss of impact energy (0 the cutting face” (p3).
Similar recommendations could be found in many percussive hammer dilng
publicatons which involved studis of the WOB. Penningion (1953) sated that ‘10
advantage was ealized with a dynamic force (vibraton percussion fore) considrably

less than the statc load (WOB)' (p.335), because when the WOB is greatr than the



percussion force, bit would be forced to keep contact with rock and no actual percussion
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(Lagreca, 2002)
Finger (1984) however, ponted that the ROP is les sensiiv (0 the WOB, compared to
he impact energy, which could be varied by adjustng the hammer's supply pressure. In

Fig. 2,11, he presented a WOB operating envelop which included the variation of the

upply pr

Supply ai pressurefrom 125 psi 10 275 ps, ROP increased by 100% 10 200% Meamwhile:



increasing the WOB from 2.25 on 10 9 ton (5 Kibs to 20 Kibs) only resuled i a 50%

increase of the ROP.

from has come

up with ollowing recommendations: o acquire high rate of penetaton, a relevantly low
WOB (compared to conventional delling optimized WOB with same scale and bio),
‘combined with high impact force/encrgy is recommended. The indexing phenomenon

should aso be notced. To optmize the indening ratio (frequency o rotary speed ratic),

s 0 15 20
22 wen wen 69
WEKGHT ON BT, WOB)  x 10° 0 x 10%)

25
Gy



Fig. 2.1 WOB-

ol (Finger, 1984)

2.6 Vibration Assisted Rotary Drilling
“The term Vibration Assisted Rotary Drilling (VARD) stands for a technology which
places a vibration source near the dril head of aroary drill system, 10 achieve a higher
e of penctration than for roary drilling, Compared to the widely tested percussive
drllng, only a few vibration assisted driling systems have been developed for rock
rlling purpose. I fact, n the oil nd gas drillng industry, a ot of rescarch has been

carried

the vibration and the high WOB reslt in strong reductions of bit life. Only a few
publications were found regarding the vibration assisted rotary driling; however,

the following sections, several VARD systems based on their purpose and vibration
mechanisms wil be reviewed, including the instrumentation setup, effect of operation

parameters and the technological dvantages they brought.

2.6.1 Resonant Sonic Drilling

A 1995)

Iaboratory since 1991, This system was designed to drill subsurface materals forcoring,
monitoring or remediaion wells, and has a similar scale 1o the conventional cable tool

drlling (use the cable 1o 1R and loose the dril string and achieve penetration by low




simila system is shown in Fig. 2.12.

“The cssential mechanism of this vibrtion gencrator is 0 have o motor povered
rotating masses with synchronized rotation in counter directions. This ensures n0
Horizontal vibration is produced, while vibrations are generated and trnsmiid into
ower el sing in the vetical dirction. Vibraton fequency could be adjusid t0 the
naturs frequency of the diling ssing, s a resul, resonance will occur snd vibrtion
force could be accumulated to 3 large value. Because of tis funtio, tis vibration
genertor i ks caled “esonator. The DOE report st that the scillstor could buid

up the force from 222 KN (50000 Tb) 1o 1245 kN (280,000 1bs). In the subsurface



rllings, this resonated nergy wave will cause the soil particles surrounding the bit o

idized, the bit penctration.

L thre different

pencration mechanisms, including shear (by bit rotation), displacement (by resonant),

“This resontor dril system was feld tested from 1991 (0 1994 in Hanford and Sandia.

During these operations, vibration frequencies were varied from 0 10 150 Hz. Vibration

from 220 kN ) a st foree

wos,
4 KN (10 Kibs) 0400 kN (90 Klbs). A motor powered the bit rotation and provided
11,524 Nm (8500 1°1bs) torgue. During the drilling. instanancous ROP was contrlled
by sightly varying the vibraton freqency.

During the tet n Hanford, soni driling performed an average ROP of 7.26miday (23.9

Uday) on soil formations, compared to the cable tool drlling at 38miday (126 fUday)

were also observed in core continuity and sample quality especially on hard rock
formations during th coring operations by sonic driling.
Afer seversl years of development, sonic driling echnology has become a mature and

popular technology in surface/ shallow depth drlling for many civil spplications.

and o suffiient power could be transmitted through the long dilling string, the




demonstrated

2.6.2 Surface Mechanical Vibrator and Offshore Sampler

Eskin et al. (1995) reported this surface mechanical vibrator devices 10 futher

As opposed 1o resonant sonic diling, no resonance effcts were. mentioned. The

objectives of these systems were 10 increase dll-string vibrations, threfore increasing

A sketch of the surface mechanical vibator device is shown in Fig. 2.13. Similr 0 the

sonic driling, the vibration of this device is also created by opposie rotation of two

ponwer the unbalanced mass and bi rtation, only one motor s employed to power both
Systems. The capacity o this system i not mentioned in the report. Although the diling

depth could be increased by adding drll strngs, it s possible that this system is a5 well

o cirulaton

system were found in both the skech and the original ext.

Another similar vibration drilling device reported by Eskin (1995) is the mechanical

214)

h a5 well por and vibration. One.







Fig. I —_—

al, 1995)

Fig2

Eskin, etal, 1995)

2,63 Electro-Magnetostriction Vibratory Drill
Magnetosrction is o phenomenon in which the shape and the dimension of

the rate of penctration while driling in deep well depths. It was developed 1o be
compatible with the down-hole assembly of a conventional rotary drllng system. A

sketch of the system s shown in Fig 215,




B i 1958)

“The vibraory unit was placed beneath the collar. There was  section of mechanical

P ions from
ransmitting to.the upper drill strngs. The drill bt was placed direcly bencath the
vibraion column. The vibeatory un was designed o be capable of sanding the severe

temperature). 1t was also strong.

enough to gh tensiona force and.




be achieved.

“The power line traveled all the way down to the vibrtor unit. This vibrator unit was
essentially a magnetosticive type of transducer, supplying 100 KW of lectrical energy

for the vibrator, With alemating current flowing (0 the winding, the nickel based

change of magnetc flux through them),thus achieving axial sinusoidal motions while bit

was not in contact of rock.

frequency and bit contact time on the ROP. The experiments were based on star bits

(scratch bits). Single blow impact tests were conducted and the amount of material

removal was recorded.
impact blow, the formation pressure environment and the rock propertics. I the muliple
i

o the vibration frequency, rotary speed, peak value of the thrust force and bit geometry.
The experimental and feld results showed that at constant rate of penctration, the
maximum force and the specific cnergy has following relationship to the vibration

fregncy: s and MSe oy

One example result showed that the maximum force was halved when vibration

3204z,




As stated earlie, once the vibrator was tumed on, the bt has axal sinusoidal motion
when it i ot in contact with the rock. Howener, when the bi s pressed by the static

the contacttime is dependent on the vibration charactristes (ampliude and frequency)

and the satc WOB

called ontime’. At exactly 100% ‘ontime’ (vibration impulsive foce equas to satic
fore), the pak fore raches it maimum value, While the sati forc i larger thn the
Vibration forc, th ffectofthe vibration iminishes and diling meshanism s similar o
conventions rotary driling. By accountng the eTctof it e, the opimized ‘on-ime’
vl wer suggesed 0 b from 50% o 75% whil rock srength reduces from hard o

soft.

In 19605 and 1970s, similar magnetosriction vibratory diling technologies were also

developed in the USSR (Eskin et al., 1995). A ful scale vibraton drlling system with an

MBS-108 vibrator was cvaluatd in the late 19605. A sketch
in Fig. 2.16.The vibrator works a a fixed frequency of 300 Hz and maximum vibration
amplitude of 1.5 mm. The resonance effect was mentioned in the design by applying ‘an

on unit. A crown

element with specific dynaric characersties” o one end of the vib

varied from 40 to 65 RPM while the “axial load® (static bit weight) was varid from 100-
2200 kg. The result showed 4 times ROP increment when WOB increases iom 600 to

2200 kg for the crown bit. In conirast, the ssme WOB increment brought only 2 times




ROP increase with roller bits. This implied that the roler bit ws less sensiive o the
WOB in vibration drlings. The size of the drling (ool assembly was found 10 be

proportonal o vibration power, and the optimized bit dimension was 250-300 mm in

diameter.

Fig. 2.16 MBS-108 vibation unit (Eskin et L., 1995)

MVs< Fig. 2.17) designed fo mining field

arillng operations in Ukruine. Instead of nickel, & new type of magnelostictve materal,

a % in length and 90

i diameter with a weight of 69 ke
Laboratory tess were conducted with a rollr bit as the dril head. The ROP tested

compared to conventional diling, showed a dramatic increase. While drillng with 16




KW power and 90 RPM of vibraton drlling, the ROP was 15.8 and 26.0 cnvimin,
compared with 3.5 and 7.3 emmin with rotary driling at two diffeent levels of WOB.

“The overall ROP was 3.2 o 4.3 times faste thanthe conventiona drilling. Alihough high

the vibration drillng was much igher (208 and 215 Wiem' compared with 324 and 38.6
Wiem’ of conventional driling). This suggests that this vibration driling tool did not

e ries was introduced by

the added vibration.

Thvse types of it (olr, crown and ull fce) wre tesied durin te ikl il o the
MYVS.90 vibrto. The ROP comparativ dat showed similar el withthe lboraory
st (ROP with vibration was 23 timesBigher: cue i ncement of 58 tmes was
abained while doing vibration diiling on sandston with a roller cuter bi. However,
iffrnt from the dtashown in the Iboratoy rsult, durin te vibcsion diling the

specific energy, which was expressed by KW in the field test, tended 1o be much

Tower than the 0% ©

rotary driling). This suggesid good energy effciency during the fed tests,

“The magnetostriction based vibration drillng tools were widely applied in the shallow
drilling operations such as blast hole, wells and excavaing machines o the USSR,
however no mature instruments were largely appled for il and gas deep well driling.

During many of these field operaions, the magnetosiriction vibraton diling showed

“The efficiencies




Fig. 217 MVS-90 vibrator unit (Eskin et al, 1995)
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‘ Chapter 3

Experimental Setup

3.1 Introduction

“The objective of the present rescarch was 1o esablish an early stage VARD drlling

xperimental system including basic contols for most diling parameters and vibrations

near e

vibratons and other driling varisbles was studid. Preliminary results through these:

experimentl fucilies

‘This VARD experimental rig was built up based on an electric motor coring drill. A
vibraton table was mounted on the stand and provides vibrations beneath the sample.
Modifications o the electronic dril were done in ordr 10 have bettr control of some.

parametrs, and various sensors were applied on the rig (0 measure valuable drilling and
3

Vibration varables.

3.2 Vibration Velocity Source

A VP51 electromagneic shaker able from Syniron Division was chosen as the bsis of

the vibration velociy source. This shaker table s designed to setle bulk mateials or mix.

o the dil sand. For these advantages, it has been adopted and a series of stdics to

evaluate s performance were carried out



The shetch and & photo of the VP-SI shaker table are shown i Fig. .. An
lectromagnetc ibrtr s ixed at th bottom of a 0.5 m<0.54 m square plate Four
ibration dampers connee the pae o the i frme; another 4 dampers were placed
bencath the frame. The shake is connected with an extenal contol box. The curtent
input, whic i proportona 0 the mechanica vibration power, coud be contolled by a

Knob on the controler

Fig. 3.1 Syntron VP-51 shaker table

“The payload capaciy of the chosen shaker was 125 kg, The frequency was found to be

fixed st 601z, based on the LVDT

and aceelerometer data captured during the investgations of the shaker vibration

Characterstcs 2

3.3 Rotary Dril System
“The essential component of this VARD experimental fcility is 2" roary coing drll,
“The dil is powered by a Milwaukee 4079 clectric il motor which has two levels of

rotary speeds (300 and 600 RPM) provided by a mechanical gearbox. The motor is



connected to an ammeter as an indicator of the motor load. A water nle is locsted

between the drill shaft and the motor;the inlet wate pipe guides the driling fluid o the

il bit. The drill gear il via a small g in

the motor

(WOB) could be applied through the handle bar by human hand. A fabricated drill stand
i connected to the ail beam as the foundation of the whole system. The Milwaukee

motorand the it dilrig setup are shown i Fig 3.2

Fig. 3.2 Millwaukee motor and intial drill ig setup



3.4 Modifications to the laboratory VARD testing system

3.4.1 WOB System

s shown in Fig. 3.2, the il t erated.

for rescarch purpose, especially when the WOB has significant influence on the ate of

penctration. For this reason, modificaions o the handle bar became necessary.

the handle bar, which provides constant ot

fon of force and stable WOB. Iniially,
solid steel wheel was designed and fabricated (Fig. 3.3). Because there was no.
cxperimental data showing the work range of the WOB for this drill ig, the wheel s

designed to be capable o provide the moment arm in two levels. Titial work with this

frame,
was developed. A 26" bieyele wheel was found o be an idea replacement for s strength
and light weight strucure, Some modificaions were done so that it could be fixed 0 the

handle b sha,

was boled to the center of the handle bar set. The experimental setup in this stage is

shown i Figd 4.






Fig. 3. Drilig installed with a bike wheel 0 provide constant WOB.

Drilling experiments were conducted o test the drill rig afer the modifications. The

WOB provided by the suspended weighis started 1o ise from 55 kg. A trend of ROP

100 ke, after which,

wos
by a conversion equation which was established in the latr studics, and the converted
100ke. -

The daa

in Table 3.1

3 ith WOB at.
specds. The peak ROPs for both oceurred a 95,13 kg WOB

Tateof Peneiraion
Suspended | Actal | Trveltime ) | Bitrvel cm) e
ol s 300 600 300 600 600
(ke) (ke) 300 RPM

revt | ReM | ReM | ReM ReM
T | ssa | w7 | ma | a0 | 4207 | oo | 0206

122 | 605 | 313 | 175 | 4043 | 418 [ 019 | 02

tet | TS | 256 | 19 | 401 | 417 [ 0157 | o8
255 | 951 | 203 | 13 | 42 | 4014 | 0210 | 03
276 | 1006 | 425 | 138 | 3870 | 4185 | 0091 | 0303

“Table 3.1 Driling dta during the test un with the constant WOB system



O0B-ROP curve for conventional core drilling

%
o ()

Fig. 3.5 WOB-ROP curve during the test un of mification o provide constant WOB.

During the test runs, some problems were found with this bike wheel design. First,

), i 3

d

connection between the wheel hub and the handle bar shaf. This resuled in occasional

Sudden drops of the suspended weight and changes in the applied WOB. To resolve his

problenn, further modificaton to the WOB system was necessary. A similar wheel with
‘smalle diameter and better connections was purchased. The wheel size s the smallest
commercal size, which is 16 inch in diameter. The wheel has a disk brake hub with 6

©

the exerior shaft. The connecting shaft to the gear wheel was redesigned and the handle

bar set was removed. reaty imp apaci

the WOB system. The reduced diameter allowed the bit (0 travel more than 7 cm. I also




1 WOB,

thus increasing the precision of the WOB control.

3.42 Installation and Modification of the Vibration Table
“The size of the VP-51 vibration able fited well 10 the bottom stand of the drill ig. The
shaker frame was fixed to the drill stand by § C-clamps. Plywood pads were placed
between the connecting surfaces of the shaker and the il stand o isolat the vibrations

ransmitted from the shaker (0 the il stand.

As can be seen from Fig 36, the final design includes a sets of brackets designed 10

frmly fix plaes. o

provide fexbilty o the geometry and the positon of the samples. A clamp binds the

ol tghtly  lteral movements

during the driling.



Fig. 3.6 Brackers design and final product 0 hod the sample

3.43 Environmental Protection
“The driling fluids flsh the drilling detitus at  flow rate of 3-4 US gom. The outflow
which contins drlling parices needed o be reatd in a proper way to maintain the lab

environment.

waterproof silicon. Fou metalic pans were placed at the bottom and the il mud out




With proper operaton procedures,this setup could guide the drlling ouflow 10 a sump

on the Ao,
“The renstall and adjstment of th shaker and the sensors have become extremely
difcult fo the opertors. To overcome this limitation, 3 182 me1 82 me172 cm
‘wooden basin was placed beneaththedrill sand. Th same scton pump inroducd in
he calie phase was used to disin the out flow accumulted in the basi 10 the sump.

3.4.4 Modification and Coupling for the Full Face Bit Experiments
The Milwaukee 4079 drill is designed for coring bits. However, some experiments

required driling using a full facebit.

“The fll face bit has been chosen was an AWJ sandard, diamond impregnaied bi,
produced by Boart Longear. The bit has an 11 cm long dell shat, with 1 78 inch
diamete cuting surfce and 3 138 nch by § theaded coupling. Duing the coring bit
experiments,srong wobbling ofthe drill shat was obtined when the it was niially
penctrating into the rock sample. This wobbling issue could be more severe while

switched to fullface bit due to th increased contact area between the bit and the rock

surfce. To reduce & bushing was fixed outsde of

The bushing am extended
from the drill stand. The locaton (height) of this arm was finalized mainly with the

‘considertion ofspacing ssucs.



35DAQ- System

VARD dilling performance could be afected by the rotary drlling parsmeters and

VARD experimental system. To capture the analog signals from the sensors, data
acquisiton systems (DAQ) are needed. Alone with the VARD experiments, 2 DAQ-
systems were used—Labsiew and Micro Srsn.

3.5.1 NI DAQ-System
Al analog signals from the sensors were collcted through a PCT 6024 data acquisition
board from National Instruments. The board has a maximum frequency of 20 KSIS,

which has been found to be practcal while recording data st 0.2-1ks’s anges. This i the

‘major range for the VARD. varisbls to adequately capt
vibratons. A CB-6SLP VO connector boardis paired with the PCI board (connected by a

6868 cable), The board has 15 analog inputs and 7 digital VO,

N Express. Labview

version of the Labview. It monitors and records the signals with a given voltage and

frequency setup.
menu. The il outputs could be saved in csv format and could be further analyzed by

exceland matlab,



3.5.2 Micro Strain Wireless DAQ-system

the NI DAQ-system due mostly t0 signal (0 noise ato. Attempis to filtring were also

A beter solution was the SG Link wireles transmitee which consistsof a Micro Ssain
USB base staton,the SG-Link wireles ransmiter and Agil-Link software, The whole
sysem i specifcally designed for st gauges and Wheatstone bridge type load cells
Intgrated i the ransmiter node, ther are unctions o ampliy the signl and make

adjustments o balance the bridge.
3.6 Sensors

361 LVDT
“The Lincar Variable Differential Transformer (LVDT) is a basic and popular sensor to
measure linear displacements. A typical LVDT consists of three sets o coil windings—
one primary winding, excited by AC voltage, and two sccondary windings conneeted (o
the output signal a the two ends (Fig. 3.7). A steel od travels inside the col windings

with a

ighter coupling between the primary coil and the secondary coi at the sid of the rod
‘movement, thus resuling n an increase of signal, i or out of phase with the excitation
signal. In the VARD experimental fcilty, a GHSA 750-250 LVDT from Macro Sensors

This LVDT has

alincar range of 22 mm.



R
L__ Secondary 2

ection

Fig. 37 General LVDT assembly (fom Nationa Instruments)
As shown in Fig. 37, since the primary coil of LVDT needs o be excited by the

ALVDT demodulator

voliages e Kit2),and exracts
the signal from the output signl of the LVDT. In the VARD experimental sctup, the
Macro Sensors LVDT is coupled with a Honeywell DLD-V demodulator, which requies
\olage input of 1836 V., and output in 45VDC. The LVDT and signal conditoner are

shown i Fig, 38,




Fig. 3.8 GHSA 750-250 LVDT mounted on VARD setp (et and DLD-V signal
conditone (rght)

“The LVDT was calibrted and the calibration curveis shown in Fig. 9. The metal pin of

the LVDT traveled 11 mum in s linear range. Wit a 3,14V offe, the calibration facor

was found to be 0,618 mmV, which had becn vrificd sveral times acros different

periods during the experiment.

e LYDT VARD igby s
bracke clamped with plywood to futhr olate vibration. The height ofthe LVDT could
be adjusted by two positoning nus. During the vibration measurements, the sampling
frequencies were varied beween 500-1000 Hz. The dta from the LVDT had shown that
e shaker works at 60 Hz frquency and the vibration smplitude coukdbe controlled by
the shaker control seting, and the shaker load. Details of the shaker vibation

characterisic will be discused in Secton 3.7.2.
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362 Load Cel
The WOB in general oary drlling systems i a siic force which could be cleulted
from the weigh of diling sing, buoyancy forc, pump off force, and hook losd
Howerer,fo vibration assisted rotary dlin, the thrst force acting on the bit i

Because
‘ould be found regarding the shaker able vibration characteristcs, measuring the axial
force during the vibration became a valuable measurement for the VARD experimental

studics,

In the VARD laboratory setup, a load cell was planned (o be placed between the drill
motor and drill shaft. The pancake load cell was thought o be an ideal option for such
Tocation because of its low profle shape and good wate resistance performance. The
pancake load cell s essentally a full amm Wheatstone bridge strin gauge based force

ransducer. The inner structure of the pancake load cel i shown in Fig. 3.10. Strain



gauges were mounted in @ symmeric angle (45° o horizontal dircction) i pairs on the

pan pan y six 0

“The center of the load cell Because of the

force siresses at both ends, shear stains occur in the thin connections where the st
gauges are atiached. The shear strains of the inner wall lead o extension in one sirsin

gauge and compression in the other. By connectng four of these st gauges inlo a

‘ 1o the axial load could be obtained as shown i Fig. .11.

Fig. 3.10 Ianerstructure of pancake load cel

(et from Person; right: from Honeywell)




Fig. 3.1 Fullbridge strsin gauges load cell (from allaboutcircuits.com)

Range of force measurement is a decisive factor whil selectng load cells. Afler the

“The WOB are found ranging from 28 kg (0 130 kg whil the suspended weight varied
from 0 10 6 kg, which wil be the main range of the static WOB in the later VARD

experiments. This is because the maximum capacity of VP-S1 shaker is 125 kg; and the

optimized WOB
e 90-100 kg. A pancake load cell rom Honeywell (3173-1K) with the lowest avalable

capacity 5 KN was found o have a suitable range.

“Two coupling picces were made to mount the load cel on the dil. The waer way was

rilling fluid effects could be conducted as well. A plastic shell was made at the top

“The fina load cellunit is shown in Fig 3.12.



Fig.3.12 Load cell and its mounting uit

ght

(e with the hosing and n

units e finished and ass

The losd

The load cell .

during the calibration. A elaionship

el was connected by the wircless DAQ-sysi

between the force values and the digital readings from the Agile-link software was

esablished with good lincariy. The calibration curve is shown in Fg 3. 13



Load cell clibration chst
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Fig.3.13 Calibration curve o load cel with wireless transmittr
“The load cel was then used for confirmation vibraton tsts. The setup during these tests
was simila 1o acual drllng: however bit rotations were not involved. The vibrtion
forces were recorded at mliple levels of shaker curent input and static WOB, The

results will b discussed in Section 3.7.3.

3.63 Rotary Encoder

A a iroduced.

ofthe it

onit. An opical ligh &




“quadrature” type encoders, the disk has two coded tracks with 90" out of phase. These:

Fig 314

Fig 3
“The NI DAQ E-6024 DAQ-board has a counting function designed for otary encoders.

During the setup, the channel A is connected int a ‘source nput'; whereas channel B is

“GP_UP_Down’ pin. The DAQ- system will count the signal pulses from

comected 0
channel A, and a high low satement will b generatd from channel B, thus elling the

direetion of the ot

A Nikon RXA 1000-22-1 rotary encoder was modified and mounted on therig. It has o

63 cmin diameter was fixed with the encoder shafl. Thus a precision of 152 digital

¢ down the lincar bt

movement




“The encoder was mounted on the rg by a bracket. The alloy dis rottes againt the drll

ber

o the cdge of the alloy wheel, and a sandpaper trip was attached on the frame fo the

same purpose. The setup o the rotary encoder i shown in Fig. .15

Fig 3.15 Nikon RXA rtaryencoder mounted o the VARD drill i
The otary encoder was involved in the VARD test under 600 RPM conditon. The bit
ravel under convention rotary and low evel of ibraion driling was recorded. During
he test, slip between the wheel and the sandpaper rack occured several e, This
liding ssue becomes severe when th vibrtion was strong. A comparison between the
encoder ecordings with and without the nflcnce ofslding i shown in Fig. 3.16. At he
ight columa of Fig 316,  sift in those cuves could be clarly observed. These shifls

represent the occurtence ofthe encoder disk sips.



“The side issue has bcome & major baicade in the messurment of ROP by the roary
encoder. As mre measuemets were don, mechanical rese accumulated on the
bber ring, and resuled in sronger sips. The rotary encoder setup was eventually
suspendedafer many efos.

For this reason, at the currnt stage, the ROP was atematively averaged by the bi

« The distance was
h el




|

Fig.3

o o

fgnal during oo

liding issues (ight) under low level of vibration VARD driling



3.7 Drilling System Capacities

In the VARD laboratory setup, the WOB and vibraton amplitudes were indiectly

controlled.

shaker control seting and they were also influenced by the loaded mass. To track down
the actual values of these variabls, the relationships between the control parameters
(suspended weight and shaker contol seting) and the actual system response (actal
WOB, shaker vibation displacement amplitude or force variation amplitude) needed 1o
be established. I the current sectio, report and discussions of the work regarding the

elatonships will be included.

3

Suspended Weight to Static WOB Conversion
To obiain some general idea of the actual WOB levels, a domestic weight scale was
placcd btween the it and the shaker The suspended weight was varied from 0 kg 10 S
K, and the readings were taken from the scale rading pancl. During the et the ntire
il sction was released at  ivil distance o the bottom surface (scal). The scale

but also the “flling height',

which stands for the space between the bit and the shaker, when the wheel was released

by human hand. The influence of tis falling height was so strong that minor varition

resul in +10 kg Auctuation of the scale reading. Afer realizing this faci, the fulling




e and was found

{able for several seconds. The vibration force generated by the shaker is suffcent to

Tock effect.

was obiained by adopting this procedure.

34 tests per
“The suspended weight to actual WOB conversion is shown in Fig. 3.17. The data has

Showed sccepable linearty.

Fig. 3.17 Suspended weight o WOB conversion from the sale test

conversion rlationship for beter accuracy compared 10 the scale. The conversion curve:



‘ recorded by the load cell i shown in Fig. 3.18. Because the load cel was placed between

3

of the coring bit which was beneath the shaker.

the conversion

ane, be auributed from both
means of measurement (mainly from scale). The data acauired from the load cell was

elieved 10 be more relable because it was calibrated frequently and its output was.

reconded
btained from the load cel was adopte inthelater experimens.
372 Study of the Vibration Displacement Amplitude

I the user instructon manual of the Syntron VP-S1 shaker,lle information about the




frequency and the control i related to the vibration amplitude. Studies were needed to

setings.

“The LVDT in Section 3.6.1 was used to measure th displacement amplitude at the shaker

surfce. . o
10.*60". The term “shaker control seting’ is defined as the positon of the knob on the

the it

without rotaion; the suspended weights were varied from | kg 10 4 kg. The shaker was
jgnal

tumed on for 20 seconds for cach test. The LVDT signal was logged by the NI

& Tz
close o sinusoidal wave o, although several daa points acquird at high level of
Shaker control setings presenied a smal secondary peak. Some. fucuation of the
ibration smplitude could be abserved and the reslt of amplitde values were averaged
from 10 pesk o pesk waves andomly chosen fom the LVDT signal i, The LVDT
reconded displacment waveform vs. time under various combinations of WOBs and
Shaker control setings are presented in Appendix A. The amplitude versus th shaker

contol setings and WOB are loted in Fig. 3.19 and Fig. 3.20.

Fig3

No perfect lincar trend

levels of WOB i obvi Fi



3 —the vib o

against the WOB, he influence of

WOB is not strong, however with ising shaker current input, the amplitudes became
increasingly influenced by the shaker load (static WOB). For those curves with shaker
conrol setings higher than 40, asignificant reduction of amplitude could be observed as

A 321 showing.

the amplitude as  functon of these two fictors.

[E—————

Fig 319 vor

control

ings without drilng.
The LVDT test has shown some generl trend in shaker vibration characteistic.
However, it was hard 1o csablish empirical models between WOB, shaker control

Sctings, and the amplitude based on the result in Fig. 3,19 and 3.20. No curve fiting

For this eason,



the search for another physial variabl, which is independent of the shaker load and

‘could only be affcted by the shaker contrl seting, was conducted.

setings



Fig 321

contol setings

373 Study of the Vibration Force Variation Amplitude

“The force generated by the shaker during the vibration could be a potenial varisble
relevant (0 the contrller but independent of the shaker load. With this speculation, the
Honeywell load cell was introduced to measure the vibration forces. The setup of the

Vibration force tests was similar o th test

was placed i pre-

“The data was recorded by the Agile-ink software at  frequency of $12 Hz. The signal
was then analyzed in the similar method as the LVDT tests. A secondary pesk could be
observed in al load cel signals when the force reduces from the maximum peak. This

may possibly be caused by the gear wheel rachet cffect or the vibration mechanism




inside the shaker motor. The force waveforms measured by the load cell are given in
Appendix B

The WOB under

in Fig. 3.22. The figure shows that the force amplitude was clearly influnced by the
payload, specially when WOBS were below 60 k. However, with the payload over 60
kg, the force amplitades were not significantly influenced by the payload anymore.
‘Compared 10 the displacement smlitude-WOB curve measured by the LVDT in Fig.

“The level of the force amlitudes i a variable which deserves consideration-- it varied
from 1300 N 0 2800 N. The axial satic WOB, o the other hand, were varied only from

300N t0 1000 N. By taking account ofthe static WOB, th resut rom this investgation

force i the axial direction. In Fig. 3,23, the mean value of each conditon was calculated.
and presented in the form of mean force vs. shaker contol setings under vriable levels
f WOB. The mean force value was found remained spproximately constant at sl shaker

control setngs.



Fig. 3.23 Mean value of thrust frce measured by load cel

(Notethat 0" in shaker contol seting stands for no vibration)




The studies reported in Section 3.7.2 and 3.7.3 attempted 1o esablis reltionships
between the shaker control setings and the vibration variables. Attempts 10 estabish

surface fit cquations were made, but the surface were found (o be complicated and o

suitable 3 Bocau
both the force and displaccment amplitude are dependent not only on the shaker control
setings, but also the WOB, the ‘shaker control seting’ in the later experiments, was

rested as & control factor which represcats the level of vibration amplitades. When the

control

Sctings. This suggesied that this factor “shaker conrol setting’ is an appropriate




Chapter 4

VARD Experiments on Coring Bit

4.1 Objective

VARD.

ig, evaluate the influence of the added vibration on the penetration rate, and provide
preliminary results for later investgations and experiment plans.

4.2 Verification of VARD Technology

‘Shorty afer the experimental sctup was completed, a VARD fest run was conducted to

veriy the performance improvement brought by the added vibration. The test run was

“The WOB was fxcd at @ relatvely low level (.. 45 ke), based on the experiences from

other publications c.g. Pennington, 1953; Lagreca et al. 2002) that vibration diling has

greater p wos.
the valdity of the dta
“The drilng result i presented in Fig 4.1. I this igure, bt ravl disance vs. time was

ploted. The tes started with conventional otary drilling. Afer several centimeters of

ravel, the on and vibratons
A diret change in slope of the traveltime curve implied improved performance brought
by the added vibrations. An incensement, rom 0.81 mms o 1.2 s in ROP occurred

while introducing the vibrations.



Fig 41 g
4.3 Sample Preparation
For the VARD coring bt tests, th samples were prparcd using commercial Quickrete

1004 a ready mix with cement and aggregate pre-mixed), which

expert in building up.
stength in  short period. To prepare the mix, al paricles large than 2.36 mm were
sifted 10 improve sample consistency. The sieved mix was mixed with water, then

progressively added with 3 1ifs and poured nto 6 cylindrical molds o cure. At the 7"

" from the molds

17 MPa 10 22 MPa, with 20 MPa in average. All experiments were fnished within 45

ours after the first sample was drlld, in order to guaranice tht the results were not

experimentsat different levels of rotary specds.



4.4 300RPM Coring Bit VARD Test

4.4.1 Procedure

A photo of the VARD experimental setup a this stage is shown in Fig. 4.2. During these

xperiments, splah screens were mounted, and the vibrations were fixed at three levels

Which ae shaker control setting *10', 30" and ‘50"

Fig 42
“The 300 RPM round of experiments were conducted in Noverber 2009. For each testrun
the bit travel ranged from 45 mm to 75 mm. The ROP data was computed from the

distnce the bit traveled. The flow conditon was maintained by keeping the same tum



angle of the inlet The flow was.

‘concentration ofthe detritus i the out flow was small

“The experiments starid with th rotary drillings without ibration, then the shaker was

The WOB n
these tests was varied from 45-146 kg. The WOB was not rised in sequence b was
andonly armunged in order to it the inlucnce of some natural trends (e bt wear,
emperature fluctuaton or change in sample strengh). For cach vibration levl, the
maximum WOB was detemined when a reduction of ROP with increasing WOB was
cncountred. This rduction suggesied that the WOB had passed the founder point
(optimized WOB) in the WOB-ROP curve, ad then the experimnt for this evel was
sopped.

442 Experiment Result

“The data of the 300 RPM VARD experiments are shown are Table 4.1, the WOB-ROP

curves under various levels of ibration shaker setings are plotted in Fig. 43. The

WoB . ctal, 1991), WOB unilthe

founder point, and then began to reduce. One fact fo noice i that although the shape of
the WOB-ROP curve came out with a good match to the theory, the point with the

maximum ROP does not stand for the exact founder WOB. More data points near the

founder point.




I Fig. 43, the VARD driing resued in higher ROPs than th comventionl rotary
rilings undr the same WOB. For the curves with low and middie Jvels ofviration,
the inclnation porton of the WOB-ROP curves showed a similar shape 1o the
conventional rotary diling curve. Within thse inclined portions, VARD diling
performed a rend to proportonlly increase the ROP. With inressing vibration levels,
he incline porions of the VARD curves tend o be shorer, and the ROP reduction

started carler with higher ROP.

The VARD WOB-ROP resuls with shaker conrol sings ‘10" and *30" euled in
proporional ROP increase. The WOB-ROP relatonship in shaker control seting ‘S0
wasan excepton. Thetest with theshaker conrol ting *50" vibratons started with 43
kg WOB and obisined 3 high ROP close 1o 0.13 cmvs. However, when the WOB
increse 10 67 kg, 3 stong ROP reduction was encouniered. Two more dilings were
conducted at 41 kg and 55 kg. Both conesponding ROPs were ower than the ROP

=

snear 45 ke,



NOB-RUP plot with multiple Levles of vibrations
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Fig. 4.3 WOB- ROP plot at 300 RPM with and without vibrations
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Table 1

The tests were stopped at this point for the excessive vibration resuled in strong bit

wobbling. The 4 d gh level E

the WOB- B, WOB-ROP

curves generaed at lower vibration povwer.

As mentioned earlie, before the WOB-ROP curves reach the funder point,they tend to

have a proportional slope to the shaker control setings. To further demonstrate his

the rising shaker control settings in Fig. 4.4 Only level of WOB data was seleced

because at this below orat poi

aclosetolincar relationship with increasing shaker control setngs.
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4.5 600RPM Coring bit VARD Test

45.1 Procedure

I carly 2010, & group of VARD experiments was conducted at the highlevel (600 RPM)

oty speed. The samples were prepared in the same procedure as those 300 RPM
experiments and the tsts were also caried outat the 7* day after preparation. Based on
the operation experience in the previous (300 RPM) experiments, the highest fevel of
vibration was not plamed. However, the quanity of the samples were prpared with the
same number as the 300 RPM tests. Excess samples were planned t0 be drlld near the

founder point for cach WOB-ROP curv in order (0 gain more detals of the curves near




the pesk. The ROP,

4.5.2 Experiment Results
The experimental data are shown in Table 42 and the WOB-ROP curves with and
without vibrations are shown i Fig. 4.5. In this figure, a change in slope in th inclined

portion could be found in all thre driling curves (marked with ed cirles), or drlling

increased numbers o tests near the founder point, or it might reveal the nature of this

il nd which are

normally lower than 150 RPM).
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“This phenomenon i periments were arely

Slope near

the WOB.

curve could be found from Ersoy's et al. (1995) wark, as shown i Fig. 4.6 n their work,

they tested the performances of 3 types of coring bits at very high rotary specd (sbove
1000RPM). In Fig. 4.6, a minor increase in slope could be found at the pesk of the

impregnated bit (which s same type of bit with VARD sctp). The other two bits have

also showed luctuaions in their WOB-ROP curves. Because these two curves did not

reach it founder poin, the performance near thei pesks were unknown.

TR0 Plox vieh mtiple evls of ibrtions
s
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Fig. 4.5 WOB- ROP plotat 600 RPM with and without vibrations

change



ROP (mm/s)
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%0
WOB(ke)
Fig. 4.6 Example of other coring bit driling experiments a high RPM for 3 differnt

diamond coring bt types (rom Ersoy and Waller 1995)

Other than the 600 RPM

o the 300 RPMs, . the ROP in the inline

portion were higher than the ROP without vibration the under same WOB. Compared to

the 300 RPM resuls, the 600 RPM curves were also “compressed’, and they have shorter

and steeper slopes. The WOB curve with shaker control setting ‘30", which was the

ighest level of the vibration in GOORPM tests, have showed similar effect of

strongest vibratons (shaker conrol stting “S0°) at 300 RPM: the curves were strongly



Tower level

ofvibratons. Ths implis that fo the experiments o elatively high lve vibrtors,
the WOB-ROP curvs were satiratd for some resson. Furhermare, this stuation
happened at fwer lvel ofvibeatons i th combintion of the “riginal roary drling
parameters coukd result in bigh ROP (for example, the doubled rotry sped brought a.

more than 100% ROP increment i the WOB-ROP curves). This ‘saturation” could be

brought by the increased vibration forc. For this reason, basic studies (0 the effct of
drllng flids were conducted as outlined in Chapter 5; and modifications 10 the drill

frame were s well caried out when the full face b was introduced i the VARD

hapter

“This saturaton phenomenon suggest that the operation window of the added vibration
could be dependent on the combination of the original rotary drlling parsmeters. If the
combination of rotary drillng parameters already reslted i a reltively high ROP, the

benefit brought by the added vibration would then be limited.



!

Chapter 5

Investigation of the Effect o the Drilling Fluid on Driling Performance

5.1 Introduction

During the coring bt experiments, drilng fluid was controlled by simply fiing the

L L thought

o be coarse and inexact. Previously there was no study done o investigate the flow

effects o the driling performance based on the VARD driling system. 1t was unknown
‘whether the driling fluid was sufficient to meet the requirement of the botiom hole
cleaning, and how it influenced the driling performance. Therefore, some investigations
‘were conducted aiming to gain basic knowledge of the low effct on drill performance,

and providing suggestons for future driling experiments. These drlling fuid

VARD coring bit experiments described in Chapter 4.

Drilling fuids have severa posiv effcs on a drling system. The two fundamenal
funcions ofthe diling uds in terms of rck penciraton e o rotcct the bt from
hermal wese and to flow away the rock cutingsgenerstd durin the difling to crsre
e bit i hvays in contact withfesh rock surface. The fucton and the cfficiency of the
diling fid could b sso adjsed by adding addiives for diffrnt purposes, for

‘example, o increas the well bore stability or preventing the loss o cirulation for well

control purposes



During the VARD Iaboratory experiments, only shallow holes were drlled on short
‘concrete samples, and no complex. down ol issues existed. For his reason, the only
‘component in the drillng fluid was watr, and the only functon relaed to the drlling

performance in the rate of penctration aspect is the botiom hole cleaning effect. The

lead to detritus 3

contact arca between the bit and the rock surfce and cause a reduction in the drilling
effcicncy. According 10 Bourgoyne Jr., et al. (1991), the insuffcient bottom hole

cleaning is one of the major reasons lading (0 reductions of ROP.

Although the drilling uid is crucial to the driling systems, its presence also brings

which uses a ull face bit, the diling fluids are guided through the nner tbe of the
drilling sting, cected by the drill bit nozzles, and then retum 1o the surface with the
generated drilling detritus through the annulus. While cjcted from the bit nozzles, the

rilling fuids create  force tending (o push the it rom the bottom, This force is called

“pump o force’ WOB. Equation 5.1

WOBfpwe = WOBgue — Fiy = WOBgge — Apy APy s1

In cquation 5.1, WOBs.se s the tatic WOB determined by dril sring weight, hook load

y 2 force; An




(Bourgoyne Jr, et o, 1991) showed tha a the depth of 747 m with an 8 in. diamond

bit and a surface pump rate of 285 US galimin, the pump off force reached to 44903 N

Hs2k WOB at 7,000 kg

offforceis in Appendix D.

feld drilng operations. In the coring bit VARD laboratory sctup, the drillng fluid
influcnces the driling performance in a slightly different way. The main differences

between the two systems are in the location of the pump off fore acting on the dilling

system. As. s1,
core and the inner wal of core barrl. This leads to an accumulation o the drillng fluids

i the space from the end of the core to the top end of the core bare; the purmp off force

the top. n
contrast,the pump off force under the fll face bit pushes the whole dil ssembly from

the botiom (rght of Fig 5.1), s discussed above.

Although thesc two types of drlling methods have some differences in their pump-oft
mechanisms, the factors affecing the drling performances are quie simila — the flow
ate afcts the bottom hole cleaning effciency, while the high pump off force balances.

the sctual WOB.



N
Fig 51 fild ful face bit

drilling

5.2 Experimental Setup for the Coring Bit Drilling Fluid Study

The was mainly atribut
the lack of appropriate monitoring equipments 10 the inlet flow. To_obtain_ basic

he

most rlevant factor o the bottom hole cleaning efect, whie the pump off pressure s a

direct indicatorof the pump o force.

To monitor these two parametrs, 3 trbine flow meter with digita readings and &




Timited in the marke, the turbine flow meter has a best sensitivty ofonly 1 US gpm. The

i e readings 1

Fig. 52
Some basic study of the flow charactristis was caried out aflr the gauges were

installed. 1 was found tha the maximurm flow rate from the lab water was 6 US gpm. The

bit

The

first two columns of Table 5.1 present the recorded pressure reading under different flow
ates I s found tht there was no pressure reading untl the flow rate reaches o 3 US

pm. This could be explained as the water had i the drll pipe did not reach th pipe



L Tocated, unil
w03 US gpm.

5.3 Drilling Fluid Flow Investigation Based on Coring Bit Rotary
Drilling Experiments

A st of rotary driling experiments was caried out aftr the sbove tests were done. The

aitl P 300 RPM. K

which is  mild operation condition. The sample was pre-drilld to 2 cm decp before the

fest begins. This ensured all the drilling runs started with an existing well bore, and the

of 1 U nd US gpm.

readings during the drilings were found to be identicl o the static pressur test. Each

rlling run lasted for 20 seconds. The ROP was recorded and listed in the column 3 of

Tables1
Flow e reading | Pressre guuge | Coleued
saom | reding ey | PR | Actsl WOB Y
(ems)
T 7 o i
7 g o i
5 g e S
a i i e
|- ) o7 T
g B TS g
Tabie 51 o




During the experiment, th botom hole cleaning effct could be visually obscrved. At
Tow flow rate, the out flow had high concentration of fine grained dill cutings; with

increasing flow rate, the concentration reduced and the out flow became clear water

Some photos (Fig. 5.3) were taken o show the fine grained dril cutting concentration

reduction with increasing flow rate




Fig. 5.3 Retumed flow t the surface with increasing flow rae from 1 US gpm t0.6 US
om
Fig. 54 plotted the rate of penetation as a function of flow rate based on the data

presented i Table .1, In Fig. 5.4, i ROP from I

abtained. The photos in Fig. .3 showed that rom 2 US gpm 1o 3 US gpm flow rtes,
significant reducton of driling cuting concenration was observed. This mplicd tha the
increase in RO s the fTct of bete botom hole cleaning, Howerer, 35 00n 55 the
low rte reached 3 US gom, the ROP began o reduce. An mporiant sign i Table .1
howe tha the prssure gauge began to captre eadins at 3 US gom. This indicated
that the core bl s sturated with drillin fluid between 2 US gpm o 3 US g, and
the back pressre side the core barl began to affct the drilling performance. As
discussed sbov, the drilling i back pressure i the core drling coud sgnifianty

affect the actual WOB, Due o the limitation of axial force measuremen, the pump off

a factor of the inner cross section of the core barel. Then the actual WOBs were
caleulaed by the staic WOB (brought by the suspended weight) minus the pump off
foree. The calculated actual WOB is listed i colum 4 of Table 5.1 Fig.5.5 ploted this
actual WOB against the ROP. This curve verifics a typical WOB-ROP theory which is
simila o previous experiments. The reduction of ROP could be understood as the
insufficint bottom hole cleaning, which i a major facto cause the reduction of ROP in
Maurer's (1962) WOB-ROP empirical model. This theoretcally verifes the resuls

obiained during the experimens.




Fig. 5.3 Rate of penctration a a function of low rate under 61.6 kg WOB
Some suggestons are given for future experiments based on the experiences obained

" i infh

n

important to minimize the inflence of the pump off force In order ot 1o stongly
interfere with the axial thrust force, meanwhile maximize the efect of the bottom hole
cleaning effect With these consideratons, the flow rae i suggested 0 be kept at & low

pressure gauge reading (essthan § psi).
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Fig. 54 Rate of penctration as  functon of ctual WOB




Chapter 6

Full Face VARD Experiments
During the coring bit VARD experiments, the peak of the WOB-ROP curves was found

o saturte of lower WOB with increasing vibration amplitudes. The shortened curve

terus n bigh

of the vibrations at the inclined portons of WOB-ROP curves. Only one vibration
smplitde-ROP curve was ploted a the lowest level of WOB besause the pesk of the
WOB-ROP curves with the high level of vibrations happencd too early. However, this
ampliude-ROP curve in th coring bt experiments implid that the vibration amplitudes
have a proportional ffect on the ROP: and it aroused interet to furber investigate the

relationship between the vibation amplitude and the ROP.

o further explore the effect of all evels of vibrations on the WOB-ROP curvs, the

experiments should be conducted using  new drill bit which could undertake higher

area, o tha the WOB sress on unt bit surface area s lower. Therefore the ful ace bit
il slower than the hin-wal coring bt under the same WOB, and reaches its founder

point at higher WOB,

A full face diamond impregnated bit (shown in Fig. 6.1) from Boart Longyear was

selected for this purpose. This AWJ bit has  diameter of 1 78", and

designed for




Similar o the coring bit, the full face it is also  diamond impregnated bit,including

three water channels and theee nozzles.

Fig. 6.1 Photo ofthe AWJ fllface bt purchased from Boartongyear inc.

6.1 Preparation of the Sample
The samples diled i the VARD expermens resched strngth of 20 MPa, which was
reltvely low compare to most ocks ncountered in the o and gas drillig. During the
rillingexperiments, these 20 MPa sampls wee found o be asy o fracur, and small

aggregates occasionally fell off from the well bore near the surface. Thercfore,




ien » The
final product was mixed with cement, sand aggregate and water. The raio was 36.5%,
38.7% and 24.8% respecively. The sample has reached to 50.7 MPa at 28" day afler

miture, which wasthe highest UCS value obtained i this study.

Thirty samples were cast in 12" long, 6" diameter cylinder molds. These samples

allowed 75 em each.
drilling experiments. AL the day of the fullfac bit drilng tst, the samples reached 57

MPa UCS value on average.

6.2 Conditioning of the Full Face Bit

“The new diamond impregnated bit came with a thin layer of coating on the drill head

surface, 3 3
progres, the fresh diamond tooth cuters were slowly revealed, followed by changes of
the bit surface conditons, which could cause strong fluctuation of the early drilling

performance.

was carried out. The WOB was kept constant at a eltively low level of 64,14 kg, and the

45psi in Table .1, and

the result i plotid in Fig. 6.2.

During the test, the ROP with the new bit was found extremely low. Compared (o the

fort



propertis and the contactarea of the il bit
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Fig 6.2 showed the progress of the bt conditioning. Strong ROP fluctations could be

found at “The ROP data b

» e this,
a1 0.0047 cnvs for the next 4 cm dill run. This suggests the influence of the surface

coating was gone and the bit con

doning work was completd. A visual observation
further verifed this hypothesis. A photo of the bt surfice before and afer the
conditoning is shown n Fig 6.3, Beforetheconditoing,verylle diamond tcth could
e obseved from the sufaceand the coaed surface was rm and smooih.In comparison,
afer the conditoing, the smooth coaing was gone and the diamond tecth could be

clearly observed.

Fig. 6.3 Bit face before (upper) and afer (lower) conditoning



6.3 Conventional Rotary Full Face Bit Experiment
Similar to the procedure of the VARD coring experiment, a st of conventional roary
drilng tests was conducted with the full face bit ahead of the full range VARD

experiments, s that the founder WOB could be determined.

“The sequence of the experiments was set in such a way a5 1 slowly increase the WOB

and record the ROP. If any reduction of ROP was obtained, several more ests would be

pressure guuge reading of 4.5 ps (310 kPa) for al driling runs.

“The drilng history is shown in Table 6.2, and the WOB-ROP data plot i presented in
Fig. 6.4, Each data point was obtaned by leting the bit un for 7-9 minutes, except some
short run, which were stopped for operation issues. The bi travel distances for most of

the diling runs were only about 13 cm, relatively short as compared with 5-7 cm bit

peneration

‘while drlling with ull fce bt

Because of reduction

was obiained. Every time a ROP rduction was encountered, drilling was re-conducted at
alower level of WOB. This procedure resuled n repested dilings under the same WOB
for several times, during which fluctuations of ROP values were deteced while all

controllble parameters were kept constant. It is possible tht these luctuaions were
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WOB- ROP plot

Fig64. In order

damaged lab, the WOB.
id ot exceed 300 kg WOB during he experiments. Up o this el of WO, no sign of
pesk, o any change inthe lop ofthe ncrment pater was found. I Fig, 6.5, the ROP
ot a cach WOB was averaged based on the disance ach drill un had waeled. This

averaged data beter presented the increasing patter of the WOB-ROP curve,

“The ull fce bit rotary drling rsuls have shown  long inclined potion in the WOB-
ROP performance cure. The ROPs a the rang of tesed WOBs were reately v,
compared t0 the ROP o the coring bt experiments. Up o the end of the tst,the curve
was sl rising. Thes results suggest tha there were stll potentials fo tis bit 0 stand

higher WOB.

These resuls suggested tht this diamond impregnated full face bit was properly chosen

forthe

weight before the limit (optimized WOB). This characterstic made it posible (o futher

invesigat thevibaionefectsonthe long lmb poion of the WO curve
6.4 Full Face Bit VARD Experiment

“The full face VARD experiment was designed 1o invalve 6 levels of WOB (from 47 kg

o131 kg st

i¢ WOB) and § levels of vibrations (from shaker conrol seting ‘10°50') It
follows the scquence of increasing the shaker conrol setings at fixed WOB, then

increase the WOB (up to 131 ki WOB) to the limit of the shaker capaciy. The dilling



operion went smooily. The ROP incease ould be lerly observed withrsing WOB
and shaker conrol setings Because e luctiations were cncountred duing the test
Wil increaing vibration, st daa were only drilld for one time, xcept for several
il drilling run withlack of proper dta recoding. For the deilling runs with lower

ROP, the drilling times were kept the same for 5.5 minutes. For the higher ROP tests,

25 minutes. For mst tests, no mr than 2 samples were drilled under one level of WOB.
50 thatbettr consistency of sample quality couldbe guaranteed.

“The drilling data for the VARD fullfce it test i presented in Table 6.3, During the test,
the flow was reduced to 2.5 US gpm. This was a compromise (o the capaciy of the
drainage system and pump of effct. The effct of reduced flow could be abserved by

‘comparing the conventional diling data between the resulsin Table 6.2 and Table 6.3

kgand 131 The
LVDT was mounted on the shaker and the actual amplitudes of the shaker during the
drilling were recorded. The recorded displacement wave forms during drillngs are

m

ented in Appendix C.

WOB and e
are ploted i Fig. 66 and Fig. 67 (D plot). The LVDT data collected during the
rlling est with fll face bi esponded diferenty compared it the esult presnted n
Fig. 325, I Fig:3.25, the amplitudes were reduced with incresing WOB, and then thy
{ended 0 be flattend with higher level of WOBs. In compariso, the resultprsented in

Fig. 6.6 showed that the amplinides reduced while the WOB increased at low level,

103



(before 81 kg static WOB). Then all amplitudes began to climb t0 some extent with 98
Ke-115 kg sttic WOB. Up t0 131 ke of staic WOB, the vibration amplitudes under all
Tevels of shaker contrl setings have gathered in a very small region (from 0.14 mim to

0,18 mm), which indicated that the shaker vibration was sturated at 131 kg static WOB.
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Fig. 6.4 Actal drlling daa distrbution with incrasing WOB




Fig. 65 Averaged conventional driling data with increasing WOB
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Fig. 67 3-D Plotofthe shaker amplitude during VARD fest

“This difference was parially caused by the different setup i the two studies. Compared

1o the non-diling shaker vibration characterstic studies in Chapter 3, the bit- rock

“The displacement amplitudes presented in Appendix A and Appendix C also suggesied
hat during the drilng, the b wobbling also affected the shaker performance. As staed
by the supplier of the shaker, the amplitude could be controlled by the shaker knob.

hanged, i “This explained

why the shaker smplitudes increased in most occasions when the shaker control sttng
increases, but they. performed differently with the  diffeent configurations. uscd

throughout the investigation.



For this reason, the ROF

in the VARD full face bit experimenal result were mainly
presenied a  function ofthe shaker control stings and the WOB. Up t tis stae, the
Shaker conrol sting was found to b the mst dieet fcto describing the mechanical
power of the added vibration 1o the drilng system, compared 1o the vibraton
displacement amplitud and the force vaition amplitude. The 2.D result of the ROP
againstthe WOB and th shaker contol stin isshown in Fig. 6.5, and Fig. 69, and the

3D response surface of the ROP i shown in Fig. 6.10.

“The results shown in Fig 6.8 and Fig. 6.9 marked a milestone in the VARD rescarch In

this group of resuls, the reltionship between the added vibrations on the ROP was

cleary obisined. The factor ‘shaker contol seting’, was found to have linearly ncreased

the ROP in al 6 curves with different WOBS, except the highest level of vibration, the

“position 60", which was found 1o be not in the linear range of the shaker amplitude

ouput. Based on the data presented in Fig. 6.8 and Fig. 69, a surfce fiting cquation s

3. models. Inth P

‘which represents the lvel of the shaker vibration enrgy. The cquation i given in Eqn.

6.1, Thelincar model was found to have acceptable error of 32210

ROP =971 <107 WOB + 135+10*"Py- 649<10 @







levels of WOB.

ROP in the WOB-ROP curve, but also changed it slope. For exampl, a comparison
between the WOB-ROP curves without vibration and with shaker control settng 50"
vibrations showed tht the added vibrations have increased the slope by 100% (1.0B-4
with the “shaker contol seting 50" vibration, compared o 0.5E-S wihout vibration).

3. During the

VARD coring bt tests, the WOB-ROP curves were found to be ‘shortened” by the added
vibration. However the curves with sironger vibrations tended 1o climb stecper and

: reaches 0 the peak with lower WOB.




Fig. 6103

Chapter 7

Conclusion and Discussion

7.1 Conclusions

of 2008, The main

assembly with the rig and the vibraton tabl was completed by May, 2009. Since then,
‘mdifications were done o meet the requirements revealed during the experiments. Some

of these. modificaons ae still underway today. Fig. 7.1 shows a comparison of the




Fig. 7.1 Comparison of the VARD rig in al, 2008 (let and August, 2010 right)

facility" in the VARD project,

faclty. Most of s oeraing parameters could be casily controled nd varied to some.
exent. The simple sucture allowed the sensors to be casily insalld for necesary
measurements. During the laer experimenal sudic, his laboratory drlling rig was
proved to be reiable, and gencrsed ignfiant rsuls.

“The coring bit VARD expeiments wee caried out rom October, 2009 o February,
2010. The added vibrations were found t sigaificanty ncrase the e of penctaion

before the founder WOB, where the WOB-ROP curves began o saturate. Meamwhile

high level of WOB-ROP curve, ths |

Tt operation window forthe WOB.

“The full face bit experiments were conducted in order to investigate the relationship

the founder points. The conventional rotary drilling experiments showed that the bit
served adequately for this purpose. The inclined portion of the WOB-ROP curve for this
bit was long, and no founder point was found up 10 300 kg WOB. Based on this

advantage, subscquent VARD experiments were carried out, and the results clearly

be concluded:




The red

rotary drilling under same bit operating conditions. This increment i especially obvious

whilethe WOB i rla

ey low
“The mechanical power of the vibration could affect the shape of the WOB-ROP curve.
“The higher level of vibration mechanical power could result in stecper inclination and
earlersauration of the WOB-ROP curve.

A simila relatonship o the WOB-ROP curve is obiained whil the “shaker control

seting’, which i proportional 1 the vibration mechanical power, i plotted against the

the rae of pencraton.
7.2 Discussions to the future work

Although signifcant results were generated based on the VARD experimenal facilty,

the experimental sctup and the experimental design aspects are given for the future
experimens.

Up 10 now, the vibration forces and amplitudes were measured and ploted against the
shaker control settngs. However, none of these two variables were found o be
independent of the shaker load (WOB). The clarifcation of the vibration mechanical

power may need 1o be continued. The next possible soluton is to measure the current

put 3 input

o the shaker.



Basic studies to the dilling fluids were conducted and recorded in Chapter 5. The
temporary solutionis 1 keep the flow constant when the pressure gauge began (o have

eadings. This was done to balance the bottom hole cleaning effect and the influnce of

the static In

flow effct, and find the maximum flow rate that can provide sufficient bottom hole

“The result of this VARD experimental investgation is presented in WOB-ROP and
shaker control seting- ROP curves. However, another way to describe the performance

improvement of a new drilling technology is to creae operation emvelopes, insicad of

Various levels ofvibrations, with esch envelope contain all possible operation conditions,
from extremely low levels up to the limitation of the system. The comparison between
s envelopes could describe the advantage of the VARD technology in a more exact
way.

In particular, the presnt set of studies suggesid that future investigations could futher

concentrte on the seareh of new vibration varisble independent of the shaker payload,

bottom hole cleaning effect, and express the performance improvement brought by the

VARD technology by creating operaion envelopes.
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Appendix A: Displacement amplitude measured by data

without drilling
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Appendix B: Force amplitude recorded by load cell without

drilling
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Appendix C: Displacement amplitude measured by data while

drilling
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Appendix D: Calculation of the Pump Off Force During a Drill
Off Test
he A
penctration
1 the WOB indi havea
0 reading.
1. 1991) shows the
calculation of pump offforce i a typical dil off est.
18858 0
“The TFA of the bitis 040 q n.the drllng mud i oil bsed, has a densiy of 1.6 kg/m’
13,5 omvgal US gal/min,
ming at 100 rpm. Atan ), the dra

records the WOB and standpipe pressure during the test.



Elapsed ime (min) "WOB Indicator 165 S
13,000 24%
13,000 249
12,000 2485
11,500 2485
11000 2485
10,500 2480
10,000 2480
9,000 275
9000 275
(o bortom) o 650
Force at pump off point
Pressure drop across bit
APuPoo Pog=2475-1650-825psi
Pumpoffarea

An=FyAPi-90001b5/825psi=10.9in’
Standpipe pressur a 14000167 WOB
P24
14000067 WOB

Pressure drop across bi

APuPy-Pou2490-1650-840psi

Pump off force at 1400016 WOB

FieAro% APy=10.9in’840psi-9164.dlbs
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