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ABSTRACT

The research presented in this dissertation quantifies the system dynantios and
influence ofcontrol variables of a sonic drill system. The investigation began with an
initial body of work funded by the Department of Energy under a Small Business
Innovative Research Phase | Grant, grant numberFGE206ER84618, to investigate
the feasibility ofusing sonic drills to drill micro well holes to depths of 1500 feet. The
Department of Energy funding enabled feasibility testing using a 750 hp sonic drill
owned by Jeffery Barrow, owner of Water Development Co. During the initial feasibility
testing, déa was measured and recorded at the sonic drill head while the sonic drill
penetrated to a depth of 120 feet. damonstratdeasibility, the system had to be well
understood to shothattesting of a larger sonic drill coukimulate the results alrilling
a micro well holeof 2.5 inch diameter. A firsbrder model of the system was developed
that producedounterintuitive findings that enabled the feasibility w$ing this method
to drill deeperand producenicro-well holes to 1500 feet using soniglidr

Althoughfunding was not continued, tlpgojectwork continued. Tis continued
work expanded on the sonic drill models by understanding the governing differential
equation and solving the boundary value problem, finite difference methods, aad finit
element methods to determine the significance ottimgrol variables that can affect the
sonic drill. Using a design of experiment approach and commercially available spftware
the significance of the variablés the effectiveness of the drill systemere determined.
From the significant variables, as well as the real world testing, a control system
schematic for a sonic drill was derived and is patent pending. The control system
includes sensors, actuators, personal logic controllers, as well asnmearh machine
interface.

It was determined that the control system should control the resonant mode and
the weight on the bit as the primary two control variables. The sonic drill can also be
controlled using feedback from sensors mounted on the sotlidheiad, which is the
driver for the sonic drill located above ground



CHAPTER 1

INTRODUCTION

Sonic Drilling Background

Using vibrations to penetrate the earth is not a new idea; driving piles to support
structureshas dated as far back as the RomAmpire Penetration is accomplished
through brute force; huge, heavy machines create cyclic, vertical vibrations at low
frequency to overcome the eart havetrieketb ast i c
create highefrequency, highenorsepower vibration machines, omdyhavetheseforces
destroy the machines.

The determination of Albert G. Bodine, Jed him to discover a method to not
only generate high frequency vibrations with very high force output, but also have this
machine resist destruction while passing the vibrations on to the object being resonated.

I n the thirty ye awark wiionsccempdiesdandniraividualsohave g i n
made incremental refinements of the technology, butftimelamentalmethoalogy

remains a mystery to most and has received limited exposbhliterature and use in

the field. A t untimelg dedth iml&90,ché hadBreceived @8@DdJ.S.

patents for his inventions and was world renowned for his pioneering work in
Aor boresonance. O This work and body of
Corporation through an asset purchase. ResGadyporation holds the rights to all of the

active Bodine patents in this area, as well as prototype equipment, development records

and test results.
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Today, there are only 3 major sonic drill companies worldwide. The major
companies are Sonic Drill group,08rt Longyear, and SonicSampDrill (SSD). Sonic
Drill group is based in British Columbia and was started by Ray Ro(iss¥. 3; 4) Ray
Roussy worked under Hawker Siddeley, who Bodine was develd@amic Drills for.
When Hawker Siddeley decided to abandon their sonic drill technology Ray Roussy left
and took his ideas about sonic drilling and started to make his own sonic drilling rigs.
Boart Longyear has been developing sonic drills for oveyeHss and has over 120 sonic
rigs (5). Boart Longyear has traditionally kept their sonic drilling equipmethtounse,
but has recently begun to sell drill rigs and other equipment to third pgsliesSince
2006, Fons Eijkelkamp established a European manufacturing company for sonic drilling
equipment, SSD.

Sonic drills are being utilized more in the mining industry, but are typically
limited use in the creation of shallow wells, frequentlyvi@ter, or to take very efficient
samples of the underground strata. The sampling recovery rates by this method are
commonly approaching 100¢6). In recent years, the technology has also proved well
suited for sampling of théllowing soil types: 1) heafeach formations, 2) bauxite, 3)
mineralized sands, 4) manganese, 5) uranium, 6) nickel laterites, 7) tailings, 8) coal
spoils, and 9) disseminated go(8). Because sonically drilled shallow kel are
typically drilled much more rapidly than conventional drilling, it is becoming the method
of choice for quick, shallow jobs. However, sonic drilling is often more expensive than
traditional drilling per hour of operation because of the requirerzenighly trained

operators as well as the greater consequences of drilling with low experience operators.
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These consequences typically come from the operator controlling the resonant system
beyond its allowable stresses. In order for operators to @ttencontrol the resonance
system within safe operating conditions, they have gained knowledge from experience
and through the standard knowledge of sonic drilling portrayed in the following
paragraphs.

The sonic drill is an advanced, hydraulicadlgven system. Through the use of a
sonic drill head, shown irFigure 1.1, a series of higifrequency, sinusoidal wave
vibrations are imparted to a steel drill pipe to create a cutting action at the bit face. In its
resonant condition, each energy pulse imparted to the drill pipe is exactly superimposed
on each reflected energulse wavefFigure 1.2. In this condition, the direction and
magnitude of movement of each molecule in relation to another stays the same, and
creates a situatiomwhere the energy stored in the pipe can greatly exceed the energy
being dissipated in the form of Awor ko on

In a nonresonating state (as occurs with traditional vibratory equipment), the
energy waves are not superimposed inigfeoecing pattern and tend to cancel each other
out as they move up and down the pipe. Consequently, the pipe is unable to utilize
higher horsepower inputs from the drill head and the drilling rate is greatly reduced.

Presently, sonic drill rigsareoper&a d pri mari ly by dAfeel o6 a
provided with numerous gages, successful sonic drilling is accomplished through the
expertise of the operator; less practiced drillers do not perform well on sonic rigs.

Drilling with resonance is unlike armgther drilling method.
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Figurel.1l. Sonic drill head. Picture provided courtesy of Resodyn Corporation.
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Figure 1.2. Resonant sonic drill diagranPicture provided courtesy of Resodyn
Corporation.

There are a number of factors working against the operator in maintaining

resonance. A few of the factors commonly known by industry are given:
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1 As the length of the drill string increases, the friction on tipe pncreases the
damping of the system and decreases the energy delivered to the bit face. As
shown in Figure 1.3, the resonant peak becomes less pronounced and more

difficult to discern with increased damping.

Light
Damping A -
;I; Medium —
z o113+ Damping . V4 Natural
% Frequency

98.99Hz

Frzqency (HIZ)

> ~++1 Hz (Usable Range)

Figurel.3. Resonant peak for drill steel.

1 As the depth of the drill pipe increases, the number of different formations the
pipe is exposed to increases. Edohmation will act upon the drill pipe
differently, thus creating a very complex and dynamic system. Under these
circumstances, manually tuning the system frequency to yield maximum power
efficiency becomes nearly impossible.

1 At any moment in time, the fomation surrounding the resonating drill pipe may

dramatically change the system impedance due to underground formation
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collapse, sloughing shale, or heaving sands. Over a longer period, swelling clay
may act on the drill pipe to damp resonance.
1 The manuby-operated hydraulic systenturrently in use in industry dwt have
the sensitivity necessary to accurately maintain resonaitici 1 Hz As shown
in Figure 1.3, the resonant peak of the system is very steep; if the operator is just
1% off peak (1 Hz), the power delivered to the bit faxgd by more than 60%.
Typically, the sonic drill system tends to pass through resonance without the
drilling knowing it
Because the sonic drill is such a complex system, it isenatjve to understand
the function of each of the major systemmponentgrior to evaluating the complete

system.

How Sonic Drilling Works

The sonic drilling system is comprised of three primargngonents: the sonic
drill head, the resonator (in this case the steel drill pipe or drill rod), and the formation
being drilled. All three interdependent components must work in harmoaljote the

methodto work effectively.

The Sonic Drill Headr'he sonic drill headrigure1.1, utilizes hydraulic power to

create linear forces. By developing vertically oriented, mechaniicallyced pressure
waves the sonic head can deliver forces ranging from 50,000 pounds to 280,000 pounds
atfrequenciespproaching 1561z. The key to effectiveness of the sonic drilling method

is efficient transfer ofmassive vibrational wave energy put into the top ofstieel drill
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pipe to the bottonbit, with very little power loss in the proces3he linear forces are
commonlygenerated by counter rotating rollers or eccentritbe bottom bit does not

cut, but pulverizes or bludgeons the rock into dust or movesrditay to the side. Little
optimization can be done with the bit other than using harder and more durable materials
with tungsten carbide or other more durable materials. Ultimately, the rate of penetration
is not how good the drill bit is, but how Wwehe energy is transferred from the top of the

drill string to the bit to perform drilling.

The Resonatorhe purpose of the sonic drill head is to impart as much force as
needed to the top of the drill pipe atwchave as much of that energy possibléransfer
to the bottom of the drill pipe where it can do the most useful work in penetrating the
formation. In the standing wave condition there are points of maximum movement and
correspondingvelocity called antinodes and points of minimum movement and
correspondingelocity called nodes. The location of the nodes and antireveéeslated
to the length of the drill pipematerial properties of the pipand the frequency of the
vibrational energy. The fundamengatial (movement in the length diremt) resonance
frequency of any length of drill pipe is determined by the following formula, Equation

1.1

f=_°C

T 20y, (11)

Wheref, is the natural frequency, in hertz (Hz), at which resonance oaciss,
the speed of sound for the media in feet per second,gnid the length of the pipe in

feet. This formula defines the chalf wavelength resonance condition and is strictly
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true only when the pipe is free at the top and bottom. Since the spsednd through
steel is approximately 16,500 feet per second, for a 100 foot length of any size or weight

of drill steel, the natural frequency becomes 82.5 Hz as shown in Eqli&tion

16,500ft Gec' _ 5 cycles

200ft) sec

(1.2)

Assuming no other intervening varlab, a 100 foot length of steel drill pipe will
resonant when cyclic forces are imparted at a rate of 82.5 cycles per second. This
fundamental ondalf wavelength resonance condition creates a situation where a single
node is located at the middle of thge length along with two antinodes, one at the top
and one at the bottom. As drilling progresses and more sections of pipe are added, the
frequency of energy input must change according to the formula in order to maintain the
onehalf wavelength condibin.

As the steel drill pipe gets longer, a lower frequency of input energy is required to
bring the drill string into resonance. The force generated by the sonic head is directly
proportional to the square of thefppergul ar
increases, the force exerted on the pipe is reduced dramatically. To address this problem,
mul tiples of the natur al frequency, cal |l ec
100 foot length of steel pipe has a fundamental frequency of 821Bs per second,
doubling this frequency to 165 cycles per second produces the first overtone, or full
wavelength resonant frequency. As the length of the drill pipe increases, adding
multiples of the fundamental frequency vyields the desired conddfomesonance,
keeping the antinodes near the top and bottom of the length of drill pipe. More

importantly, however, is the fact that as drilling gets deeper, operating the sonic head at



9
higher frequencies produces the required increase in force outpwingll continued

penetration at greater depths.

Drilling with Sonics

The focus to this point has been on the sonic drill head and the effects that occur
in the steel drill pipe as a result of coupling the two elements together. When the sonic
drill head axl the drill steel pipe are brought into a condition of resonance, the resonating
dri || steel literally Afluidizeso the surrtr
pipe wall, thus reducing the frictional forces that serve to constrain the(@)pBecause
of aforementioned fluidization action, the industry preference is to useipsai pipe
(such as core rod) to keep loose material from sloughing onto the fipe loose
material resultén higher damping and seoring coupling effects along the length.

In loose sand and gravel formations, the drilling action of the resonating steel pipe
is one of displacement wherein the elastic bonds of the particles are easily separated by
the drill bit and the sand grainsdmne rearranged and move to the outside of the bit
face. The more porous and saturated the formation, the more easily it accepts soil
particles displaced from the bit.

Clay type soils present a larger challenge to sonic drilling. Due to their cohesive
nature, clays do not displace as easily as sands and gravels. Consequently, a shearing
type drilling action must occur at the bit face to effectively separate the elastic bonds of
most clay formations. Clay is actually fluidized in a small circumfereati@ around
the bit face and along the side wall providing the necessary liquefaction to inhibit the clay

from aggressively bonding to the steel wall of the resonating drill. When the squeezing
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actions of more cohesive clays against the drill pipe becsswere, it becomes more
difficult for the sonic energy to flow efficiently from the drill head to the bit face. As a
result, when drilling in this type of lithologg7), the depth of the well is limited and
earlier restrictio to further penetration can be encountered.

The penetration of rock or consolidated formations with the sonic drill is
accomplished by a fracturing action. Special bit designs containing tungsten carbide
inserts to provide a durable surface for sonicéacturing rock formations. When
drilling consolidated formations, however, a flushing medium, typically air or water, is
often necessary to sweep away cut material and to maintain exposure of the bit to virgin
material. It is also important to noteathrotation of the drill string is required so that the
tungsten carbide inserts, also referred to as buttons, constantly impact virgin material. An
example of drill bits with buttons is shown kigure 1.4. If the drill pipe is not rotated,
the inserts which intensify the impact energy onto the roalquld hit the same spot
fractured in the previous cyclelecreasing drilling efficiency When drilling alluvial
fans, it is not uncommon to encounter large boulders within sands, clays, and smaller
gravels. If the boulder is small enough, the resonating drill bit will quite literally move
the boulder aside as long as the formation is loose enough to accept it. Hafntbeer,
boulder is of sufficient size or the surrounding formation is sufficiently dense, the bit
must drill through the boulder. As shown kigure 1.5, with the right bit the sonic
drilling system can penetrate large boulders.

Because of complex resonance conditions and ever changing drilling material

properties it is necessary to have adal of how the drill is going to respond at given
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situations. Once a model has been developed and verified, it can then be used as the
foundation of control algorithms that will be implemented into an automated control

system.

Figurel.5. Soni drilled four inch hole thrugh a granite blder.
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Sonic Drilling Modeling

Modeling was firstperformed by Mr. Albert Bodine Jr. and his models are well
documented in numerous patents and a select few are referenc¢d; Hé€rell; 12; 13;
14; 15; B; 17) Al bert Bodine derived his model s
Hueter and Bol{(18). Using the methods outlined in the second chapter of the book
ASoni cso, the mechanical system is model ec
analog relates the acoustically vibrating circuit to an equivalent oscillating electrical
circuit. When usng this type of analog, the mechanical system variables must have an
equivalent circuit representationThe mechanical to electrical variables are outlined in

Tablel.1.

Tablel.1. Relation of the electrical analog variables with the corresponding mechanical
variables.

Mechanical Variable Mechz;r;:fnatigllariable Electrical VariablgElectrical Variable Symb
Force F Voltage V
Velocity % Current i
Mechanical Compliance Cn Capacitance Ce
Mass M Inductance L
Resistanceg OFTrR,ct i o|ln OResistance R
Impedance Zn Impedance Ze
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The model is based off of the assumption that a member is elastically vibrated
along the length of thdrill pipe by means of an acoustical sinusoidal forcing function.

The model he developed neglected all the other resonant modes such as flexure, torsion,
and breathing as well as the boundary conditions of the sonic drill. The damping and
restoringfore s al ong the | ength of t hegwbdrainf@l osC r i
terms in Equation 1.3. As is presented later in this body of work, these neglected salient
features of the system shoul d Moarentidnanve bee
t he Bodi nwhy the Ipngitudinal Wisection of the sonic drillas considered,

while the other sonic drill degrees of freedowhereignored Bodine stated that the

model relation was the equation shown in Equation 1.3.

Z =R, +j(wM - 1/nC ) =F, sin(u/tv) (1.3)

When the system 1is on mecM@ani saleqguas o
01LLxd6 This shows that the forces from the
the compliance (spring forces). When a resonant state occurs, the kinetic energy of the
mass is directly transferred into potential energy in the compliance member and vice

versa, which allows any further input energy to go directly to damping of the system and

not to drive the mechanical systhy@® mogusl dher e
to the mechangdcal UnéderstamcsecoRdi ti on, the
6vd is maximized, the power factor is one,

a load to which the resonant system may be coupled (drilling).
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Thesonic dril | i s diescratbedi bot datveata dll
essentially |l ock in to t-heo replsemameénofnr egq
explained further in the modeling section, below.

Bodine claimed that the sonic resonantsyst needed t o have a hi
to increase the efficiency of the vibration which would lead to the maximum amount of
power . The AQ0 as was defined by Bodine a
indicative of the ratio of the energy storedeach vibration cycle to the energy used in
each suddh chhel eidQ0 i s al so mat hematically
He also noted that the total effective resistance, mass, and compliance in the acoustically
vibrating system are represented in Equation 1.3 and that these parameters are typically
distributed throughout the system rather than being lumped at a single location. By using
this type of model, an over al lidetheqgperatos ent at
any indication if the drill is behaving differently at the drill head than anticipated.

In an attempt to give the operator a little more feel and understanding of what
may be happening to the drill while drilling, a different modelingrapph was applied
by discretizing the drill and string, as opposed to the lumped parameter approach. The
new models were developed by SoniCo, Incorporated, which was a subsidiary of the
Shell Oil Company. The research was published by W. C. Rockefelldra American
Society of Mechanical Engineers (ASME) publicati(#®). Rockefeller continued to
build on Bodineds models of I mpedance and
dimensionless ratio of the energy storadtlee resonant system to the energy dissipated

over one <cycl e. Rockefeller showed that th
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actually helped the system oscillate as opposed taesonant systems where it inhibits
motion. He then went on to deeiva mathematical model of the system by breaking up
the wave equation of the bar using differeeggation techniques for a solution. The
differenceequation techniques are derived by drawing the free body diagramghe
dynamic representation of théegpdriver to soil systemasdisplayed inFigure1.6.

The variables used in the diagram and the derived governing differential
equations (Equation.4) of state are: = mass of | element; k= spring constant of
spring between thé'jand (j+1)"e | e me; m vissous sail damping coefficient on the j
element; k = elastic soil spring constant imposed Brejement; N = total number of

el ements; and FsEnpst) b6l ator force OF

,,,,,,,,,,,,,,,,,,,,,,,,

(1.4)

The developednodel neglected all the other resonant modes such as flexure,
torsion, and breathing as well as the boundary conditions of the sonic drill. The damping
and restoring forces aig the length of the drill string were includedhe article does
not give reasons tavhy the longitudinal directiorwas examined while théexure,

torsion and breathing degrees of freedehere ignored



16
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Figurel.6. Dynamic representation of the pdaddriver pile to soil system.
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Where OEO is the piipe tthaspipegdopscinhicc
piles weight ppersutnhe |l ength, obLthe pile,

given by equation 1.6.
Q0 @ — 0 (1.6)

The damping and spring values for the soil were bounded ¥O® O ©° 0
sl ugs/ s ekg Og lb/Et. Tie m@del was run with realistic loads and input force
functions of the tested sonic drill. The model predictions are plotted witlu&a point
in Figurel.7 in the paper published in 196X9) which were recorded at a drill depth of 5
ft, | abeled points 6A6 and 6B6.
Point O0AG6 is when the drill was penetr a

the drill was taking a great deal of energy but exhibited no penetration. The model had

good correlation with point O0AG6, buith under
point O0B6. Mr . Rockefeller stated, AObvi ou
to gain better agreemento. Systems with hi

input and transferred in the system, therefore, his system must have lrpdhahi 06 Q06
when it exhibited no penetration. I n orde
to have become coupled to the bottom, to create a fixed joint that will act as a reflection

of all the acoustic energyput with the method of breaking theystem into discrete

masses, if the bottom mass suddenly became fused, the model would predict the correct
resonant condition with the end as a node. When a fused condition occurs, the drill bit
amplitude approaches zero, but the small motion still gestetzeat due to friction. The

reduced displacement causes the bit to heat up because less of the heat can be dissipated
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through thestrataor by the flushingfluid moving thedislodged strataway from the bit.
However, Rockefeller was assuming he was fas away from a primary mode while
still having the same mode shape. Therefore, Rockefeller did not predict that the reflected
end condition would result in a separate resonant mode with his model, which would not
occur unless the reflected wave forcesvafficient to displace or fracture the rock in

pure compression.

Figurel.7. Power and tip amplitude versus frequency, computer cuexesnple(19)
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Rockefeller accountedtieack of dril ling to high soil e
team applied more |Iift on to the cable hol
was again achi evlodtoactourd fpr this, bdt apptyingkoauadary
conditionsto their model this condition can be well defined and representédwever,
by modeling the continuous system in all direction, taking into account the boundary
conditions, and by including his drill operatingarameters in the model, he would have
beenable tomore accuratelynodel thesonic drill system and explain his empirical
results. Usi ng Rockefellerdés own model, his va
correlation indicates that it was off of resonance, but with further investigation and use of
amore accurate model it was in fact on resonance, however the end conditions changed
the mode shape and frequency of the resonant condition. Rockefeller did notice that
down force did change the condition between penetration and not penetrating, but
throudh more accurate models this is verified and quantified.

More accurate models may have been developed, but they have been developed
by industry under private fundingand have not been published since the work by
Rockefeller. However, some modeling was fmmed under a Cooperative Research and
Development AgreemerfCRADA) between Water DevelopmeRianford Corpration,
and the U.S. Department of Energ¥he scope of the work was to use a commercial
finite-element structural code called ANSY® perform the dynamic analysis of Water
Devel opment 6s® Rle and ewinateSiostiiimentation options for the
drilling system. Some earlier work was described in a preliminary rg@oit that

described that a dritig was instrumented to aid the operators and provide data to refine a
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drilling simulator developed by the&olorado School of Mines. However, the
i nstrumented rig was Wat er Devel opment }
ResonantSonfedrill), which was sed for routine use at Hanford@he test data included
data from an instrumentation system that contained commercial transducers and signal
conditions of reasonable qualityThe collected datavas reduced and curves were
plotted, but the significance tfe datavas not apparent or reported.

Testing under the CRADA between Water Development Hanford and the DOE
continued with the modeling effort lead by the Engineering Mechanics Group of the
Departmenof Ener gy 6s Paci fi c N(@PNNLh Warigbtestia t i on a
were measured during tests were: 1) Drill String load, 2) Oscillator Head Acceleration, 3)
Oscillator Head Displacement, 4) Oscillatory Head Velocity, 5) Differential Hydraulic
Pressure Across the Oscillator drive motor, 6) Oscifatdead Frequency, and)
Acoustic SensoresponsegMicrophone). Through testingit was discovered thahe
accelerometer and the load cell were the only transducers that produced any significant
information. This is surprising, because the sonic drpewators rely on feel and sound
feedback from the sonic drill, so it was expected that the sound would have some
relevance.

Modeling effort using ANSY& was also performed BYNNL, but unfortunately
the data is not available in the reporiowever, throgh phone conversationand
personal meeting$21) with Water DevelopmentPresident, Jeffrey Barrow, th@ho
definitive data to base a control system onaccurate mathematicalodeling came out

of this project. It was concluded however,that the load cell data could be used to
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determine operation regimes that would be damaging to the drill string or other
equipment, if it was coupled to an accurate computer model.

However, renewed research is being performed by Fam@ni at Memorial
University of Newf oun dHeamtlde prioject n&abhager forahlen 0 s ,
Advanced Exploration Drilling Technology group at Memottiativersity. Through a
phone interview with Fariche and his grougre performing researclmaonic drills, but
have yet to publish any of their resea(2R).

Similar models for sonic drilling have been developed for low frequency sonic
(typically <30Hz), for exciting and retrieving stuck liners, tubing, casing,daitidpipe.

Dr. Gonzalez published the modeling of the use of a sonic drill head to free stuck liners,
tubing, casing, andrill pipe down holeg23). By 1980, low frequency sonic drill heads
freed 50 of 81 stuck liners, 3 @6 stuck tubing, andneof fourdrill pipes. From 1983

1987, there were 73 successes out of 125 attempts from as little as 67 feet to over 8500
feet stuck lengthsin the work by Dr. Gonzalez, he specifies that acoustic measurements
have been measuratia depth of 11,00@#&, and the deepest stuck pipe retrieved was up
to 9,000 €d. These impedance models were derivatives of the equations outlined by
Rockefeller(19), and he went further to showhata model would look like foa stuck

drill pipe with casing. The f ol l owing research buil ds
impedance models as well as outlines the shortcomings of the low frequency oscillations
Some of the short comings are the lack of pouwsng low frequencies and the time to

build the resonant oscillations. In order to address these shortcomgiys; frequency
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vibrations are utilized to build the resonant conditiomore quicklyand harness more

available power using the same inpuc®amplitude

Motivation for Continued Research in Sonic Drilling

The Department of Energfirst sent out a call from proposals under a small
business innovative researstlicitationfall of 2005 Under thesolicitation it called for
a method for expration and development of new energy resources in remote and
environmentally sensitive area¥he Department of Energparticularlyexpressed a need
for a way to reduce the size of the associated equipment and operations currently used in
remote and ensonmentally sensitive areas. Microhole technology can significantly
reduce the drilling operation size and cost of well construction; however microhole
techrology that could meet this calit the timewere all very large and not very mobile.
The ultimate goal of theDepartment of Energymall business innovative research
(SBIR) project is to provide reliable, small footprint instrumentation deployment systems
that can operate at lower castd in environmentally sensitive areas not accessible to
convertional drilling systems. Thus, sonic drilling was chosefor investigaion to
determingf it could meet the above requirements.

The sonic drilling method has the potential to be a highly effective method for
placing microhole wells in environmentally resitive areas. In most unconsolidated
formations it operates without mud, air, or other circulating medium, and produces no
excess cuttings. In consolidated formations, a significantly reduced amount of drilling

fluid is required to remove cuttings frothe bit face. The method has achieved high
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rates of penetration and can easily drill at any angle through formatfargk, clay,
sand, boulders, permafrost, or glacial till.

Although sonic drilling has advantages over conventional drilling in many
applications, itgrimary use has been limited to the environmental drilling industry. In
addition to being a comparatively new drilling methtuk inability of sonic drilling to
penetrate depths greater than 500000 feet has been a substantial barrier to broader
industry acceptance. TIpgincipalreason for its restricted depth is that is it difficult for
the operator to manually keep the drill string in resonance as it pesdtteough various
formations. Thus,another primarygoal of Department of Energ$BIR researchwasto
prove that with automated control to keep the drill string on resonémeesonic drill

would be able tanfiltrate the earth witta microhole sizedtsng to depths of 1500 feet.

Background of Microhd Drilling

Microhole technology refers to the size of the bore hole involved, typice8hk3 2
inches in diameter and smaller (the surface casing is ofk2 4nches). Within the
drilling industry, theterm microhole drilling is often synonymous with coitdbing
drilling. This was an unfortunate result of the Department of Energy Microhole Program
being defunded by DOE/NETL when only part way througithe actual focus of the
program waApprdacdy sftermsencouraging the use of
Gi p s &m éig commercialized 1 trillion cubic feef Niobrara shallow tight gas
However,industryhad been drilling through this area for decades because drilling cost
prevented it from beingatnmercialized. Soni ¢ dri Il 1l i ng was the p

drilling seismic holes because it represented an even greater step reduction in drilling cost
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and system complexity. However, coiledubing rigs have traditionally been used
primarily in well intervention activities including cleaning up or initiating flow in
existing well bores, and withirthe last two decades their use in drilliaj sizes of
boreholes has dramatically increased in the lower 48 United States as their cost
effectiveness has beatemonstrated enough to offset the false economiesiously
associated with their higher dagte. This is primarily due to the advent of stronger
tubing, better bottoamole assembles (BHA), and other advancements in the technology
(24).

Irrespective of the equipment used to drill the microholes, a significant advantage
to microhole drillingdevelopment and increased use is in the reduced size and cost of the
casing, as shown irigure1.8. The smaller size of the casing and associated drill strings
furtherjustifies sonic drilling for placement of microholes. In many instances, the depth
of the soniedrilled bore was limited solely by the lift capacity of the drill hetathe
sonic drill maxi mum depth was not I mpeded
on resonance The smallesized pipe allow the useof current sonic heads to drive

longer lengths of pipe to greater depths.

Anticipated Public Benefits

Geophysicists areontinually exploring a mearts reduce costs associated with
the deployment of seisnic instrumentation. Seismic instrumentation in the subsurface
yields many benefits including reduced noise, reduced travel paths, and greatly improved
signatto-noise ratios. The use ofconventional well construction is too expensive for

monitoringalone and production wells are generally too noisy for gathering quality data.
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The development of an environmentditiendly microhole drilling system capable of
being deployed to remote locations will be of a great benefit to geophysical exploration.
The se of microholes in exploration efforts can improve conventional reflection

surveying, locating sources of natural seismicity, vertical seismic profiling (VSP), and

crosswell imaging capabilities.

Conventional Microhole
Casing OD Casing OD
[ 13-3/8" | 4-112"
a.5/8" ‘ -| 2-7/8"
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Figurel.8. Well construction for geophone deploymdg6)
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CarbonSequestration

Anotherlikely application for inexpensive microhole well monitoring is in the
implementation and management of caHsequestration. Microhole wells could be
used for monitoring the carbon injection and ldegn storage ofCO, in depleted
reservoirs. In thehort term, this will support efforts for enhanced oil recovery (EOR)
and eventually sequestration as a possible national policy solution in response to global
warming. In a recent economic analysis performed for the National Energy Technology
Laboratory, two cases for carbon sequestration combined with oil recovery were
considered24). As shown inTable 1.2, the results suggest thatGiO, sequestration is
pursued by the U.S., nearly 12,700 million tonsCa), would be sequestered, 26,000
million barrels of incremental oil reserves would be wered, and thousands of
monitoring wells would be required.

The cost of the monitoring wells may be one of the greater barriers to a more
widespread use of VSP for implementation of@®increased oil recovery (IOR). To
properly monitor the movement tife CQ and oil bank within a reservoir, between three
and five surveys are required, each costing $400(29) Reducing the construction
cost of the monitoring well will make VSP more affordable for IOR projects and help it

become the monitoring tool of choice for sequestration.

Coalbed Methane Basins (CBM)

At least 25 native Alaskan communities have been identified as potential sites for
coalbed methane production as an alternative to paying for -djesetated, state

subsdized electricity at rates that are three to ten times greater than the national average
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(26). According to economic studi€27), the current high costs associated with site
preparation, transpa@tion of equipment, rig mobilization, and operating costs only
present a marginal economic case for developing CBM at remote Alaskan locations. It is
estimated that nearly 250,000 Ibs of drilling, wesimpletion, and logging equipment is
required for exjoration at any given Alaskan si{@8). Developing a less costly and
environmentally benign drilling system will enable greater exploration, characterization,

and development of these natural resources for economic benefits.

Tablel1.2. Summary ofesults fromCO,/EOR analysis
Casel Case?

Total # of Fields 290 780

Estimated # Monitoring Wells 7,250 19,500
CO2 Sequestered, Million Tons 4,686 12,658
Total Oil Recovered, Million bbls 9,763 26,370

Market Potential

The market for sonic drilling equipment has grownfigd over the past decade.
Further growth in the broader drilling industry is plausible if an automated control system
is developedhat works. In addition, new technologies such as carbon fiber gipé
with Apurpose designedod Youngbdbs Modul i
drilling systems using mor e AsoniThal |y
represents the newest frontier for complex sonic drill modeling such as develdped in

body of work.

c

0 1
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Research Direction

The first chapter outlined the available information about sonic drilling in peer
reviewed literature as well as marketing information from various private companies.
Chapter 2 provides definitions of the soniclldvariables, by providing a review and
summary of current knowledge with rules of thumb. The modeling, Chapter 3, included
background of how a sonic drill system is similar to a single degree of freedom-spring
massdamper system. The same tools usednalyze a single degree of freedom model
were also used to analyze the sonic drill system. Governing differential equations of
motion for the sonic drill were derived from both force balance and energy balance.
Closed form boundary condition solutionsdamumerical solutions using finite element
models were used to solve for the system dynamics. The assumptions for each model
were provided. Chapter 4 describes the design of experiments that was used to determine
the sensitivity of the sonic drill varigswhich include:1) sonic drill head mass, 2) sonic
drill head spring rate, 3) sonic drill bit spring rate, 4) sonic drill bit mass, 5) resonant
mode, 6) strata types, 7) sonic drill bit damping, and 8) sonic drill length.

The results for the design ekperiments are described in ChapteChapter 6
describes the sonic drill experimentation and testing. The variables that are used for the
control system are described in Chapter 7. The control system, which is patent pending,
primarily for Resonant Soc Drilling and other applications that utilize the control
methodologies were described in Chapter 8. Chapter 9 summarizes thesiomscfor

the body of work, while Chapter Hutlines the future work.
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CHAPTERZ2

SONIC DRILL VARIABLES OF INFLUENCE

Introduction

Sonic drills are a resonant system, and are one of the few mechanical systems
designed to operaton mechanical resonance. Enginears typically taught that
mechanical resonance igphenomenoro avoid. However, resonant systems offdwo
unique advantage The first advantage is the abilibf transferring energy without
expending much energy in the mechanical system iselfthe second advantage ie th
ability to store great amounts of energy in the mechanical system, which allows for
higher amplitudes.Because othese uniquattributes, the sonic drill is able to transfer
mechanical energy generated and input at the top of the drill btyiag oscillator called
a sonic drill head, which is locatedbove the surface of the egrémd thentransmit the
mechanical energgfficiently to the drill bit to perform drilling. A resonant system is
said to be on resonance when the input power is being directly transferred to the damping
of the systemwhile expending little to no energy withithe mechanical system itself.

This phenomenon occurs at particular frequeneiesre the ability of the system to store
kinetic energy is directly matched with its ability to store potential enefgythe system
oscillates, the potential and kinetinezgies ardransferredoack and forth between the
two energytypes An example of the resonant condition is displayefigure2.1, where
in the resonant frequenady locatedwhere thevelocity amplitude is maximized and the

input power is minimized
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Figure2.1. Resonanceondition

The resonant conditiomllows for the additional energy to flow through the
systemwithout beirg absorbedseitherpotential or kinetic energguring the mechanical
oscillations of the systemAs the system grows in amplitude on mechanical resonance
the total energy stored in the system as potential or kinetic energy increased, dn fac
mechanical resonancthe total energy stored as either potential or kinetic energy in the
system is constantrigure 2.2a. If the system isbeing operatecbelow mechanical
resonanceadditional power must to be addedto the system taontinually charge the
potential energy, becauiee system can store more potential energy than kinetic energy
for a given oscillation amplitudé-igure2.2b. In other wordsthe oscillator has toadd
additionalenergyto drive the system which is used to continuaharg the potential
energy of the systenlbecause the system canstareenough of the potential energy

the form of kinetic energywhich would therbe transferrethack to potential enerdater
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on in the oscillation cycleWhenthe potential andinetic energiesire not matched, the

oscillator must continually put additiwal energy in tothe system teustain the desired

oscillatory amplitudeFigure2.2b.
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Figure2.2. Potentialand knetic energy plotted over two oscillation cycles for a system
on mechanical resonance (a) and one that is operatiagrequencyower thanthat of

mechanical resonance)(b

Similarly, at frequencies above mechanical resonance more enasgyoeinput
into the system because not enough potential energy can be stored to recharge the kinetic
energy that is requiretb oscillate the system When on mechanical resonandee t
system will charge up to a maximum energy stored as potential or kinetic eodhgy
the energy flowing into the systemgassed through arabsorbed by the dampewhen
the system is charging, it is referred to as when the input eneoginig stored akinetic

or potential energy as the system is growing in oscillatory amplitudehighlevel
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schematic of the sonic drill system displaying the driver, potential and kinetic energy

storage reservoir, and the load/damper is display&ayure?2.3.

Components of an Oscillating
Resonant Drill System

f\/ Sonic Drill Head
Oscillator / Driver

KE PE KE / PE Reservoir

— |— Load / Damper

Figure2.3. High-level schematic of the sonic drill

If the damper cannot absoali the energygoing into the systenthen the system
oscillation amplitudewill continue to grow until thesystem fas. Failures in the sonic
drilling system have been as common as overstressing the joints that tie the drill pipe
together as well as over stressing the sonic drill driver by applying excessive acceleration
at the drill headHowever, the resonant conditi@an also helphe operator, usually, by
what i s eianl 6l efdr edpeoatmis typically operate the sonic ddily
increasinghe driving frequency until the system starts increasing frequency by itself, due

to the lowerpower required to opemton mechanical resonancénce the resonant
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frequency is reached, much more power is required to driveeitanhigher frequencies
and move through the resonant condition, so the system will automafichllgi cnkand
operate on mechanical resonartdea we v e r l ater in this-worKk,
i no rmbtoveosk to ensure the system is operating on mechanical resonance with
efficient energy transfer to the drill bit to perform drilling

To prevent the system from failing, an understandinth® mechanical resonant
system is neededl he systentan bebroken down intd.3 major components, which are:

1) Penetration Rate, 2) Weight on Bit, 3) Input Fdfoequency4) Input Force, 5) Speed

of Rotation, 6) Flush Fluid Flow, 7) Mass of Sonic He8) Mass of Drill Bit, 9) Air
Spring Rate at Sonic Head, 10) Damping alongL#inegth of String, 11) Damping at the
Drill Bit, 12) Sonic Driver Damping, and 13) Stored Energy along the Length of the Drill
String Sonic drills are currentlyoperated by perator feel angxperience. A picture
showing the typical control panel for a sonic drill rig is displaiyefigure2.4.

The research presented éecould serve as rules of thumb for sonic drill
operators, but in many cases a drilling operator cannot react as fast as required
necessitating an automated control system. A disconnect exists between the current
control variables and the system varialilest affect drilling. The above sections listed
the system variables and the control variables, the definitions of each and the reasons

why they are important will now be discussed.
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Figure2.4. Sonicdrill control center
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Penetration Rate

The penetration rate is defined as the net distance of drill bit travel into the earth
per unit time. In drilling, the penetration rate is a critical performance indicator that
determines how long the drill rig andam will be engaged in a particular job. With
increased duration of the drilling operation more money is being spent on the project,
eroding profit. One of the goals of this research is to identify the importance of the other
variables listed and detem@ methods to adjust these independent variables to maximize
the dependent variable 6Penetration Ratebd,
conditions. Needless to say, the penetration rate is the most important variable, as it is

the variabletie drilling industry wants to maximize without added costs.

Weight on Bit

Weight on bit is defined as the static force that is apmi@d the drill stringat
the drill rig. Some companies actually define this value as force of the drill rig and the
weight of the drill string and bit. The weight on the bit is very important for rotary
drilling, because weight has to be applied to ensure the drill bit is engaged and is able to
shear and break the rock formationslowever, in sonic drilling if too much foe is
applied, the drill bit can become essentially fused to the bottom of the hole and the
resonant condition will change from frédree to fixedi free. If this occurs, the sonic
drill resonant frequency will changue to the lack of relative motioof the drill bit.
When a | ack of relative motion occurs to t

bit will have reduced penetration of the earth even when the drill systeperated on
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mechanical resonance. In this condition, little todamping is occurring at the drill bit,

and the probability of mechanical breakage increases significantly

Input Force Frequency

The input force frequency ia key operating parameter and primary point of
tuningfor a mechanical resonant systefs discussed earlierniorder to transfer energy
efficiently the frequency must be such that the kinetic and potential energies in the
systemhave equal magnitudesnd are allowed to transfeenergyfreely between each
other. In many sonic drills the input & frequency is generated by the speed of the
rotating eccentric masses. Sonic drills typically operate in the frequency range of 60 Hz
to 200 Hz. This is because at low frequencies, the eccentric masses generate little force,
asthe force is directly related to tteguare of theangular frequency.In addition, the
frequency rangef the drill should be such thahe nexthigheraxial resonant frequency
of the sonic drillis reachable whil¢he current mode is still within the egational range

on the low end of the frequency spectrum.

Input Force

The input force is typicallyixed, as it is dependent on the size of doeentris
and on thesquare of theangular frequency. As more force is generated at higher
oscillation speedd is typically better to operate at the highest axedonancenode
available for drilling. Depending on the downole conditions, sometimes it may be
beneficialto operate at a lower mode uthsacrificing some input force amdtimately

power to gain efficiency of the energy going to the drill bitExamples of hese
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conditionsareswelling clays or high damping regions at ardde locations of the higher
frequency when the lower frequency mode is excitdte antinode location shiftand
the dampng at that particular location is absorbing less energyafloding more energy

to be transferred to the drill bit.

Speed of Rotation

The speed of rotation helps in two respettts first is theradial orientatiorof the
impact of the drill bit changesver time butit also allows for movement along the drill
stringthat lowers thexial friction, dampingalong its length

The speed of rotation i s important on
displaced intatself. Ideally, he speed of rotaih would be high enough to rotate the bit
buttons to impact virgin material each oscillatiofhe button location and rotation
needed to impact virgin material is displayed-igure 2.5, whereinthe bottom ofa drill
bit with a single buttots displayed

Based on the size of the drill diameter, button placement, and the oscillation
frequency(nominally between 60 Hz and0P Hz)the optimumrate of rotation may be
hard toachieve A t ypi c al si ze f oThe ahgla df dotationgforb ut t o
various buttons at differemadii on adrill bit can be calculated witBquation2.1, where
dout is the diameter of the ton and g bit button location radiusThe angle of rotation

f or adiafeteb’titon to impact virgin material is plotted Figure2.6.

YO QBHREMO—00AQQ QQI (2.1)
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Drill Bit Surface View

Button

—0.25" Arc length and
Button Rotation

o —————

__—0.125" Button Radius

Button Bit Location
————— Radius

Drill bit Radius

Figure2.5. Buttonlocation and rotation to impact virgin material
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Button Bit Location Radms (inches) using a 0.25" Button Diameter

Figure2.6. Rotationalangle for a 0.25button to impact virgin material at varioustton
radii.
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The minimum rotational frequency for buttons to impact virgin material at various
sonic drillingspeed of rotatiomre shown irFigure2.7. The four operational frequencies
given in Figure 2.7 where choserbecause 120 Hz, 150 Hz, and 200 Hz are typical
maximum frequencies for the different types of sonic drills in indusiigo, the 60 Hz
value is a typical low end operational frequencyhe equation for the minimum
rotationalfrequency in revolutions peninute (rpm)is Equatior2.2, wher e O6SDSR®

sonic drill speed of rotation (Hz).

300 T T T
— 60 Hz
- : B
£ o0, 120 Hz | |
F . 150 Hz
3 " - . 200Hz
S 300 “ -
E 200k . S -
=100 -
| |

Button Radius 'nches'

Figure 2.7. Minimum rotational speed for 0.25" buttons to impact virgin material at
various button mounted radiuses awahic drill operational frequencies of 60 hz, 120 hz,
150 hz, and 200 hz

Ol "ED GOYRODB 4 —2°YO'Y'DazZ o m
2.2)

While drilling usingan9 06 o ut e rdrillpipeanmetthe rO. 250 di amet ¢

on the outside diameteit would requireat a minimum of32 rpm with a sonic drill
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operating ab0 Hz compared to 106 rpm for a sonic drill operatingQ&t Hzfor the drill
button to impact virgin material It may beadvantageous to have the rotational speed
slightly off by a multiple of the minimal rotational speed to ensure thabiisewill not

impact the same location after a complete revolution.

Flush Fluid Flow

In many sonidrilling conditions flushing fluil is not required In rotary drilling,
fluid is required to move the drilled material out of the way of the bit, so it can drill virgin
material. Flushing media for sonic drilling can be as simple as air and water, ar as
complicated as the fluids requiréat rotary drilling. A sonic drill bit oscillatesertically
thus creahg turbulent flow at the drilling interface which naturally lifts loodelled
material out of the wayWhen flushing media is requirethe actual amount required is
smallcomparedo rotary drilling. This is another benefit that promotes, sonic drilling as
the drill rig of choice for areas where there is concern of environmental impact or
instances oflrilling in contaminated areas, such as nuclearsiéssor storage areaand

extraterrestrial drilling(20) (7) (29)

Mass of Sonic Head

The sonic driver mass is defined as the mass of the sonic driver between the drill
string and the compliar§sonic driver spring) member to theufne. The sonic drill mass
is a boundary conditionf the governing differential equatianodel of motion of the
system To solve the governing differential equatidhe mass of the sonic head has

significanceto the resultant sonic drill dynamics.The primary impact to the system



41

dynamics is thaasthe massof the sonic heathcreasesthe sonic drillhead movesess
relative to the pipe below the surfacBecausehe sonic drill heads located whereghe
input force is appliedthe decreased amplitudeeatly affects the amount of energy going
into the system.If the sonic drill headboundary condition were to move mpl®y using
a smaller massnore energy would be delivered because work is defined bydppied
over a distancelf the mass is infinitely large, it would act as a fixed boundary condition
and little to no energy will excite the sonic drill system, even though it has the same input
force and the rest of the systenay be identicalThe sonic dil head mass is one of the
majorconstituentsn the boundary condition of the sonic dnibdel and design

On the other handhe system can almost control itself if the sonic drill mass is
lighter. This perceived notion is because the drill string hrere impedance relative to
the sonic driver and the machine operabbiservessystemresponses that ammore
representativef what happens below ground@his condition is commonly referred to as
the sonic drills abilt y t ei n@dthe redonant modeAs the mass of the sonic drill
headis reducedhe sonic drillhead oscillation amplitude increasesl is able t@rovide
more power into the system given the same amount of input fotdigémately, by
minimizing the drill head s, the sonic drill caprovide more power given the same
size of eccentric masses and frequendy this configurationthe resonant system
requires less powdo achieve higher amplitudes amechanical resonance, allmg the
eccentrics taapidly drive the systeninto resonance.Once it reaches resonance more
power will be requiredto push through resonance to a higher frequency, andthieus

system wi || nat ur ail i ddpwevergthere rs sosne mimmumenasé 6 | o ¢
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that must be used to emsuthe acceleration stresses on the sonic drill driver do not
fatigue and ultimately fail the driveThe system power also reaches a minimum at
resonance if operated correctly, thus the hydraulic motors will automatically drive to the
optimum condition. However, lock-in is only as good as theontroller and if the
systend s i n pis riot wellbmatchedo the size of drill pipe, the systecan become
unstable and kick theechanical systeraut of mechanical resonance foequency will
oscillate back andorth through resonancenot fully utilizing the advantage of the
resonant condition. The push and pull force and other vargblaffect the system
parameters; h e sy st e negdaieeasdaradtually drivefaway from the optimal
operation condions.

In summary, it has been common practiceésignthe sonic drill head as light as
possible, so that more energy can be implemented with a smaller input Fooever,
if design constraints allow for less sonic drill amplitude, then a largerrdriass may be
used toreducethe amount of drill stresses, blairger eccentrics tincrease the input

forcemust be used to make up for tteeluceddriver amplitude.

Mass of Drill Bit

The drill bit mass is defined as the lumped mass at the end of ih@pkj which
comes into contact with the eartifhe mass of the drill bit also acts as a means to limit
the sonic drill bit oscillation amplitude. Additional bit mass reduces the oscillation
amplituderelative to the rest of the sonic drill strin@he mass at the end also gan
added advantage whitkilling: as the mass is increased it will add inem&jle drilling

in an oscillatory impact mannerln this casehe drill bit absorls moreenergyand more



43
of the impact load, as opposed to besantup the drill string causing damage due to
large compressive strain rates. Thus, @timization ofdrill bit mass to drilling

penetration ratevould be ideal, but is beyond the scope of this work.

Air Spring Rate at Sonic Head

The sonic driver spng is typically an air spring that is used to mechanically
decouple the sonic forces from the drill rig franmiEhe air spring is designed for a drill
string size and the depth requirement of the drilling rig. The drill string can be lifted by
forces throagh the air spring when it is being pulled up out of the drilled hole. The air
spring also applies the static load on the bit. The air spring at the sonic head acts as part
of the boundary condition of the sonic driBecause the sonic forces are higdguency,
typical vibration isolation equations apply and the air spring is designed with the lowest
amount of spring rate that still yields a stable syst@hen the spring rate Isw, it has

very little effect the sonic drill system.

Damping alonghe Length of the Drill String

The damping along the length of the drill string accounts for the drilled sections
of earthcontacting the side of the drill pipe along its lengtfarious damping conditions
canoccur along the length of the drill string-hesedampingconditions aredue tosand,
clay, rock, liquid, bubbly liquid, paste, etdhe amount of damping is greatly affected by
the frequency and amplitude of the oscillation at the local dreparticular stratatypes
that are located at arthode locations will have a much greater affect onto the drill

system than materials located at node locatidtesearch in this fielthdicates that little
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accelerationt y pi ¢ al | gangreatlfy eeducedhg driction coefficient between the
drill pipe and the surrounding sanBigure 2.8 (6; 30; 31; 32) As the sonic drill has
higher localized accelerations due to higher displacements and higher frequencies, the
friction onto the pipe from the surrounding media is greatly reduced. Acceleration rates
will be calculated in the modeling section, and most of the drill s{ungess at an anti

nodg is typically greater than 8 g of acceleration during operat@®n.

© o o o o o
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Figure2.8. Coefficientof internal friction vs. acceleratidi830)

The impact of material along the sides of the drill string are typically considered
small relative to the damping on the drill tip because the primary mode of vibration is in a
shear plane that facilitates damping and restoring effects of the side mafdrealdrill
string however does expand and contract

smaller factor than the main axial mode. Because the drill bit is in the direction of the

du
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primary mode, it presents the majority of the system dampingo, Alost soil bonds fall
at frequencies below 30 H33). Thus, at driving frequencies above 30 Hz, the sonic
drill is decoupled from the surrounding soil as most sonic drill systems operate between
60 and 200 Hz. Becausetofhe mi smatch of frequencies,
sonic energy because it fails to couple with the sonic drill string along its length. Due to
the decoupled nature, many sonic drill advertisements include a still glass of water next
to the soru drill in operation even though it is right next to the drill while it is drilling.
Because damping along the length is very low, the sonic drill operator has to be very
careful not to overstress the drill string at resonance when the bottom drill rigd is
engaged in drilling.

In addition to the strata damping along the length, there can be internal damping
of the drill string material. Typically, steel is the material of choice because of its high
strength and good fatigue propertigken operatedind er t he Stlesseersds i n
number of cycles (@) fatigue curve. Thenateriallossfactorand damping factofor
steelare 1*10” i 1*102 and5*10° i 5*10°, respectively (34) Because the material

damping is so lowthe intrinsic losses of the drill pipe are ignored.

Damping at the Drill Bit

Damping at the drilbit is defined as the amount of energy consumed by drilling
or displacing the strata into itselfThe damping at the drill bit is the most important

variable of the drilling system, as it defines the drilkmgrk that is takinglace.

t

a
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Damping at the drill bit can be used to correlate to the stypgbeing drilled
throughat the time Common knowgdge from sonic drilling experts would say that hard
rock has the highest amount of damping. Hard ,roctkheory, should become broken
and then become fluidizeith a similar fashion taa fluidized sand. Thus, hard rock
should have a higher damping cardtthan sanflecause the drill bit first has to fracture
the rock and then fluidize the fractured rocKlays should have the highest damping
constant because they have absorbing properties due to their viscoelastic nature. Not
only does the drill havéo displace the clay, but it also has to break the shear forces
holding the clay together. Therefore, damping at the drill bit has yet to be defined and
guantified for all different types of strata, but the above ruleiwhb were intuitively
derived. However, somaypes ofclays such asnal, tend to stick to the drill stringDr.
George Cooper, U.C. Berkeley, has demonstrated that it is possible to eliminate/minimize

this effect by imposing a small DC charge on the drill string.

Sonic Driver Damping

The sonic driver d@mping occurs at the drill head and sists of air friction
losses, losses of pumping the air spring, and viscoelastic losses in the air spring material.
These losses are negligikde theytypically account for less than 1% of the lesof the

system.

Stored Energy along the Length

The stored energy along the dril/ |l engt

potential energy to the drill string along its length. The stored energy along the length of
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the drill string is neglidble for fluidized media. During normal operatiorthis stored
energy is minimized However, if the media has collapsed, swelled, ocigd there is a
potential for the media to store energyhe media can store energy in two directions
The first beng the axial or primary direction of motion of the drill stiagd the second
is the lateral or breathing directiofhe breathing stored forces can be much greater, as
there is a higher coupling in this direction due to the pinch, swelling, or coflaymrsss.
In the primaryaxial direction the friction forces are less than the primary holding forces
of the pinch, swelling, or collapse forces, thus this mode is more easily decouypled.
decoupled state is when the surrounding strata has minimum to no influence onto the drill

string.

Drill Bit Coupling

The drill bit coupling is defined as the amount of restoring forces being imparted
by the strata onto the drill bit. As the drill lbupling increases to the actual strata
mechanical stiffness, the boundary condition approaches a fixed state from the normally
assumed free condition. The drill bit coupling is also known as drill bit springnrttes

body of work



48

CHAPTER 3

MODELING

Introduction

The modeling section is the backbone of the work presented idiisisrtation
The modelingprovidesa base understanding of whhe system dynamiosf the sonic
drill are andwill ultimately be the cornerstone far sonic drillcontiol system. Firsta
system with asimple single degree of freedom is analyzed to determine the salient
features of a resonant conditioA. sonic driliss governing differential equatioof motion
can be derived through either force balance or energydmal@nly the derivation of the
longitudinal vibration governing differential equations are presentéus body of work
The governingdifferential equationcan then be manipulated similarly to the single
degree of freedom system which will give a dlistic understanding of the systerithe
simplistic approach works well for a fréefree system where the end conditions do not
contribute much to the system. However, once the end conditions &megemegligible
then other more advanced modeling tedques are requiredsuch as a closed form
solutionand finite element analysis. The closed form solution ¢choséy solves the
boundary condition problewith no damping or spring forces along the length of the
drill pipe. A new solution would need toe found for each changing boundary condition
and length of drill pipe, which would limit the utility of this method for industry. A full
closedform solution with damping and spring forces along the length would require a

great deal amount of mathematicsolutions for each set of boundary conditi@msl
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conditions along the lengtthese permutated configurations are beyond the scope of this
work. However, to account for the damping and spring affects along the drill gipe
finite elementmodel was developedThe finite element modelses equivalent damping
and soil couplingalong the length of the drill string. These equivalent damping and
spring constants are derived in the finite element section.

Chapter 3 lays the foundation of the boundary condition model for the
longitudinal vibration of the drill string, relations of real world soil characteristics at the
drill bit and along the length of the drill string, and the foundation for the finiteeglem
model of the sonic drill that models the longitudinal, torsion, flexure, and breathing
vibrations of the sonic drill system. The assumptions for each modeling system are
outlined for each. The boundary condition model was developed to investigate the
significance of the sonic drilling variables have on drilling and ultimately the penetration
rate. The sonic drilling variables included the mechanical sonic drilling parameters and
also the soil characteristicsThe soil characteristics (coupling andnaping) provided
cover the range of strata types that could be encountered while sonic drilling that include
voids, sands, clays and rockThese strata characteristics are tabulated later in the
chapter, which are also the values used for the designpefiments to determine the

significance of all the sonic drilling parameters

Single Deqgree of Freedom System

A resonant system is on resonance when the input power is being directly
transferred to the damping of the system, expending little to no emdatgyn the

mechanical system itselfThis phenomenon occurs at particular freacies where the
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kinetic energy(stored in the masses) and the potential engtgyed in the springsgre
matched sathat energy usedto move the system is conserved oncergdd The
resonant condition is bediustratedby a single degree of freedom system, &lsown as
a simple lumped parameter systerihe single degree of freedom systétisplayedin
Figure3.1) has a single mass connected to the ground through means of a spring and a
damper. The spring has a spring constabtk that defines the spriifg resultant force
when compressed or elonga@dpecific distanceThe dampehas a damping constant,
0 c associated with it that defines the resultant force when the daispbeing
compressed or elongated at some velocity.

Please note that damper is not to be confused with thedkzimpening which
means to webr moisten In recent years, the term dampen and dampening have been
used incorrectly, that the dictionaries have been adding them to also mean the same as
damp. Thus, in this documenpbnly terms such as damp, damped, or damping are used.
Terms such as dapen, dampened, and dampening are not standard practice in vibrations
or sound literature.

By analyzing the diagram displayedkigure 3.1 and drawing the correspdimg
free body diagram (displayed Figure 3.2) the governing differential equation (GDE) of
motion (depicted in Equation 3. @&f)notionon be d
force balance as shown by Equation 3. 2.
resultant acting on an object is equal to the product of its mass and the resultant
acceleration. The governing differential equation relates all the knost@ensyconstants

to the input force through means of the re
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TFO [ Input Force

_fx[ Displacement
Mass

Spring Damper
k[ Spring Rate r-| c [ Damping Constant

S/ S

Figure3.1. Single degree of freedom system.

The input force is sinusoidal, so thesultant motion solution x(t) is assumed to
al so be sinusoidal (di splayed in Equation
or6i s the input forcing amgoduliasr tfhree qpuheanscey , al
between the input forcing sisaidal function and the displacement. The assumed
solution (Equation 3.3) is then placed into the governing differential equation (GDE)

(Equation 3.1) and the resulting equation is shown in Equation 3.4.

1Fo(t) ~Input Force

(t)
Mass J '

ke (t) ‘ * crdx(t)/dt

Figure3.2. Freebody diagram of the single degree of freedom system

d? . . .
mex(t) + o) + ko) = FoGin(wd)
dt dt
et e e )
Inertia Damping Stored Input

Forces Forces Forces Forces (3 1)
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é' F= m@ (3_2)

By examining Equatior3.4 it can be observed that there will besgecificfrequencyat
which the inertia forcesa function ofthe mass, will directly offset the stored force,
established by the springlhis frequency islefined aghe undamped natural frequency
o0 of t he rmsbefotndtmhaserthe relatethe square root ohe spring rate
divided by the masgas shown in Equation 3.5)At the systerts undamped natural
frequency 6r.G the phase angle between the input force and the spring force is always

90 degrees. This condition makes the damfiinces in phase with thaput forces.

X(t) = x(éin(wfc'b+ fd) (3.3)

-m X-cofz-ﬁ'n(coft + ¢d) + cop X-cos(coft + ¢'d) + k- X'sjn(mft + ¢d) = F0~sin(wft)

) o

Inertia Damping Stored Input
Forces Forces Forces Forces
(3.4)

Wp = \/% (3.5)

In order to examine the resonant system, the GDE must be solved and the solution
must be analyzed. By applying trigopnometric relations to the manipulated GDE,
Equation3.6, t he di spl ac,eamantp hampgdl iatngddaplagezhdd
in Equation3.6 and Equatio.7, respectively

From these two relationsf the damping constant is very largeen it will

override the inertia and spring effects and not allowasallating systento utilize the
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input force to perform workising the damping of the systenin other wordsas the

dampi ng coeatsd alndr ggerd, t he di spl acement ampl

F
0
X = 3.6
\ T (36)
%k- nﬂ/fz(_;‘ + C2®Jf3§
_14 % g
fq=tan e 1 ¢ (3.7)
Aﬁk_ rTﬁNfZﬁ
c

This allows less energy to be utilized by the system danmfem@nalogy to this is
the larger the resists placed into an alternating current (AC) cirdait constant voltage
amplitude)the lessflow of electronsthe circuitwill allow, andless poweilis consumed
through the resistorln order to more easily quantify when the damping will take control
of asystemthed a mp i n @d(displayed in EdguatioB.8) will be defined as the ratio
of the damping constant 0 6The avitical demping r i t i c
v al & défmedas the value of damping that will not allow the system to oscillate
during a transient situatonT he tr ansi ent wid b roat idoanmpferde gnuae

frequency is found by the relation displayed in EquaBién

S (38)
Cer 2(Dn®/n
Wy = Wn" 1- 2 (3.9)

As the damping ratio approaches omg,approaches zeroHowever, this is not
the frequency where the max displacement occurs for a forced sy&graking the
derivative of the displacement amplituguation3.6) and solving for the frequency at

which the derivative of the displacement amplitudezéso, the max displacement
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f r e g uwsb(digplayéd in Equatiol.10) may be derivedyy is real only whers is
greater than one half of the square root of twe.iff large enough so thai, is zero or

imaginary then X is maximized only at zero input frequency.

wy = w1 28 (3.10)

Sonic drills are typically powered by eccentric driven oscillators. The eccentric

N

creates the input force in the direction outward from the akirotation through the

eccentric mass as shownHigure3.3.

I m, ~ Mass of Eccentric

Figure3.3. Rotatingeccentric mass

The force that is generated onto the supporting strudgsuegjuivalent tothe

i nward acgélmrulattiiplni @A by dHt hes heawwane dlthr Eq uma 4
. 2
FeCC= meCRGNf (311)

In a singlemass systemhe force vectoris circumferentiallyoriented abut the
axis of rotation In order to only have the force vector isiagle-axis-parallel to the drill
string asecond eccentric that is counter rotating, mushbleded inthe same supporting

structure tacancel out all unwanted lateral forces andfiaice the desirableaxial forces.
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The two eccentric force vectors are displayeHigure3.4 and show how the axial forces

in the X direction are reinforced, but the lateral forces in the Y direction are cancelled.

X direction

| 2Fy =0 =F;x+ Fyy
I Fe:: 2 ” Fecc 1 I zF" - Fl'l‘.(. - Fl'." + F?Y
Figure3.4. Dualeccentric force vectors

Because sonic drills are driven by eccentrite GDE chages to include the

input force(Equation3.12) as the force amplitude.

P2
mo_x(t) + c(g-x(t) + k&) = m (@R ¢ @m( fct))

H,_JH,.JH,.J —

Inertia Damping Stored Input
Forces Forces Forces Forces (3 12)

By analyzing the same single degree of freedom system displayed albogers
3.1, with a similar forcing function, the sonic drill systamodelwill give an accurat
representation of the sonic drill system performanthe new GDE with the eccentric
input forcing function is displayed in EquatiBri3.

2 e 2. o 2.

j—tzx(t) + zemn%m) + iy () = MO Ginfwy) (3.13)

With an eccentric driven systethh e undamped nwad,urddmpgecqq
natural H6,bqBenapgdband daspianrge rsatiild & oun.

way as describeg@reviouslyand have thesame values.The maximum displacement
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amplitudexwhregquesmptyny@ld isialso fadunduhe sameway, but is
now higher than the undamped natural frequen&y.the damping ratio increases up to
one divided by the root of t wo, trvd e ma X i
convergedo infinity.

b (3.14)

1- 26°

WM:

The GDEis written in terms ofthe damping ratio®  aunddmped natural
f r e quwb.dfhe abbve section was includéa help make the transition from the

single degree of freedom system to the sonic drill system.

Sonic Drill System

Mathematical Model

Sonic drills ae essentially long thick walled steel tubeBhe modeling effort is
broken into 4 models, which are longitudinal vibration in tubes, torsional vibration in
tubes, transverse vibration in beams, and breathing vibration in tBleesuse the sonic
drill rod is a tube, the breathing modes can be present, but for solid shafts this mode is
usually much stiffer and isequentlyneglected in vibrational models.

For initial examination, only a single axis model o fbngitudinal vibration for
the sonic drillis investigated. However, this same methodology can be applied to the
torsional vibration and transverse vibrationtlre sonic drill For further reference in
these particular degrees of freedom please refehe text, Vibration of Continuous
System by Singiresu S. Rg85). To analyze the system, the free body diagram

displayed inFigure 3.5 must first be drawnThenby appl yi ng Newtonods
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motion to the free body diagram the governing differential equation can be derived,
shown in Equatior8.15. The damping forceare from theearthenmaterials along the
length of the drill string.The stored forces afeom the internal stiffnesgor springiness)
of thedrill string and the coupling between the ground material and the drill string along
the length of the drill sting. The input forces are defined asy body forcesthat are
appliedalong the drill stringand, forthe sonic dril] there are none Damping and soil
restoring forces along the length are modeled separfabetybody forces.Inertial forces
are causedby the mass of the drill string and local accelerations of the drill stfitnge
solution to this system is the tietion along the length of the drill string relative to time,
u( x, t). The damping constant Oboéexpamatl t he
further in the work by Don C. Warringtqi36) and in thefinite elementsection below
The soil conditions while drilling can range from void, sand, clay, and rock. Later in this
chapter, these soil constants f@rious damping and coupling conditions are tatad,
which will be used in a design of experiments approach to determine the significance of
the drilling parameters with respect to the drill penetration rate.

The governing differential equation forrso drills can also be derived using
energy methods. Sonic drills can also be thought of as continuous pipe.

Models for pipes vary from simple axial models assuming that the deformation of
the cross section in the y and z directiGwandw bar displaceentg are assumed to be
negligible. The displacements are then given in equation 3.16, the strains in equation

3.17, andhe stresses in equation 3.18.
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Drill Rig

Air Spring d,s0

—

Sonic Driver
nsy0

‘ lx Direction

Free Body Diagram

Above Ground
AN

Below Ground

Length of
Drill String d.4s6

Figure3.5. Sonicdrill model.

r* Ax dyr LU u(x ) +2*p* A*dx* ——=~ uu(x ) +@* A* dx* u(x,t) - E* A* dx* Hu(x t)g q(x,t)* A* dx

—— d | N

Inertia Damping Stored Input
Forces Forces Forces Forces

(3.15)
6 oadh ™ n (3.16)
- —h - - - - - m (3.17)
. 0—h . m ,, . . Tl (3.18)

The governing differential equation of motion for the axial direcf@iong the
length of the drill strinfycan bedetermineckither by force balance or energy balance. If

energy balance is wused, t hen t(Wyeenagiésrofai n
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thepipeare found, equatior319,3.20,and3. 21, where O0OAO® is the cr

the pipe and 636 is the density of the dri

“ -, - 0Qw-, 00— Qw (3.19)

Y -, 70— Qw (3.20)

® . QudoQw (3.21)

The generalized Hamiltonds principle is
equation from the energy components of the syst&8n. mpl y st at ed, t he

principle employs that of all possible time histories ofpldisement conditions, which
comply with the compatibility equations and the kinematic boundary conditions and that
also satisfy the conditions at initial and final timeard §, the history corresponding to
the actual solutiomakes the Lagrangian fuimmh a minimum.Thereforethe generalized

Hamiltonds principl32is expressed in equat
1. 0Qo = (3.22

And forthissyst em t he Hami [ltidnaosndisdayepd iniequationp | e e

3.23
1. Y * & Qo m (3.23

Once equations.19, 3.20, and 3.21 are incorporated intoequation3.23, the
governing differential equation and the boundary condiaoa determinedequation

3.24.

— 06— Q 76—
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06— 0 ™ (3.24)

Note: Equation3.24is for theconservative systenm@¢n-damping.
However, by manipulating and transforming the fotwdancederived GDE
(Equation 3.15)or the sonic drill from the time domain into the Fourier and then the

Laplace domaingesultsin Equation3.25.
s + 203 + CZQZ +a=F, (3.25

Then by applying the same tools to def
degree of freedom, the damping ratia 626

shown in Equatior3.26.

g= — 0 (3.26)
-\/cz('q2+a
The GDE for the sonic drill can tham e rewritten with t he

(displayed in Equatio.27).
2 i 2
ST+ 200 B+ w "= F, (3.27)

This equation is of the same form as the single degree of freedom system
expressedn Equation3.13, previously. Because the sonic drill GDE shares the same
form as thesingle degree of freedom system, the same measurement techniques and
control systemcan also be used for the sonic drill systerhis concept is critical,
because the sonic drill system is very complex and would normally need a very complex
control algoithm and an assortment of measurement equipment to fully characedze

control the system.But because the GDE has been manipulated into a useful equation
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t hat all ows the wuse of measur adl, e t dea retnitti
system can be characterized andnitoredduring the drilling processThis eliminates
the need for other sensors below the ground. This simplification results because the
string is a continuous system, which will relate the below groufatnration to the
sensors above groundhe relatioship between the single degree of freedom system and
the sonic drill allows for the control system to be able to monitor the ground conditions
and adjust the sonic drill to its optimum operating condgion

The assumed solutioaf the governing differential equation of the sonic drill

displayed in EquatioB.28, is a function of Dboth the | en
ti me Ot 0, whil e also being in the isame f ¢
Equation3.29.

u(x,t) = (Aoéin(qf("i) + Bo('bos(qféi))('()co(éin(wf(b) + Do("bos(wf(}')))
(3.28
F() = FeecBin(wsd) (3.29)

The 6x06 radidawi thegespegytdto the | ength
related to the fovtcimy tamdgpictee byEtfuat@3Bly ency ¢

that shows that the squaretofh e r at i o6 baediddvd ésn ed u a l to th

Modul s o§Et he drill string jgdd.vided by the
2
Wi > FEds
_2:C:r_
d
af ® (3.30)

Il n order to solve this probl,BmCeandd f i nd

D6 f or t hselutian $os themraodel dynamics of the sonic drill systetine
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boundary conditions for the sonic drill system must be defiasddisplayed irfFigure

3.6.

Boundary Cadition Solution Method

The sonic driver mass, the input force from the sonic driver, and the air spring all
residewher e 0x 06 i sThespnicadlivertmass and theair spring are always
boundary conditions, however the input force can eitleea lIboundary condition, or an
input into the sonic GDE as q(0,t).

At the dril |l tip of the string, ¢Owhear e 6
boundary condition caused by coupling of the sonic drill tip to the material being drilled
throughexists. All boundary conditions are located on the ends of the drill string and
because of this, all the conditions have to equal the apparent forces at the end conditions.
The forces for t he ends are foundEdyYy t ak
mul tiplied by the cross e catnidonaals oa rmeua ta fp |
parti al derivative of the | ocal defl ecti on

setting this equal to the boundary condition, displayed in EquatRil.
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Drill String Tip Boundary Conditions:
Au(0,1) .
Drill Rig E,"A, *% =—F, "sin(@, *1) Input Force

-3 ou(0, 1, : ——
= Air Spring ‘Kas' | Ea "4 ™ ((3 )k, *u(0,1) Alr Spring Force
=

Sonic Driver g g w0uOn o 0'u(0.1) Sonic Driver
g S| = [ P inertial Force

A o
X Direction

Above Ground
ANANNAANAAN Drill String Tip Bzoundary Conditions:
Balow Ground E %4 % ou(L, .t) T o°u(L, ,t) Tip Ground Matenal Coupled
ds ds _Gx_ om —_012 Inertial Force
s wot(lyt) _ ou(Ly,t) Tip Ground Matenal
L By * A, = Com o Damping Force
ds pems—
ou(L, 1) _ : Tip Ground Matenal
B, "A, *Tzkm *u(L, 1) Restonng Force

\ 4
Figure3.6. Sonic drill boundary conditions.

E,* ALY Huxt) Boundary_Condition
X (3.31)

If the drill string tip was held in place on the ends, then the end condition would be fixed,
making the local displacement always equal to zero, displayed in Equation 3.32.
O n

o, (3.32)
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For example, ithe drill string is being pushed onta@ck formation before it is
allowed to resonate, the end will act as if it were fused to the rock formation (fixed end).
The other extreme is if the drill string is lifted off the bottom of the drilled hole so that
the tip does not come into contact wiiny material, this will be called a free end.
However, the drill system will be drilling into the material and thus interacting with it.
The material could be very sandy and thus have little effective mass because it will be
fluidized at the drill tip. This sandy media will damp the string, but provide no effective
spring rate because of the soil fluidization. While drilling through rock formations, the
effective mass, effective spring rate, and damping will be insignificant. This is due to
impacts ad brittle fracture of rock causing very little energy absorption, but the drill
string will be exited with all the higher frequency vibrations because of these impacts.

Clays are the hardest and most complex materials to analyze because they have an
Aeefcft i ve mass, o0 and also have very high da
material spring rate is negligible compared to the rest of the system; however, the

damping is not. The possible boundary conditions are displayed in Equations 3.33 and

3.34.

O o o a o OOEIl 6 Q 6 1o Ye Q€ 0 € Qad a0Q Q0 Q¢ ¢
(3.34)

: T 60 Mo T 00 T e0 L

O o T o a o w S Q o0 O "YE 0 &€ Qwd &aQ Qo Q¢ ¢

(3.33)
The boundary conditions for both the driver (top) and bit @mjsof the drill string form

two separate independent equations, displayed in Eqe&ti®d and 3.34 The modeling
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values for these constants are explained .
Dri | | Parameterso. T boapéing and damping slong thecdkillu d e r
string for soil types (void, sand, clay and rodq well as estimated valueg the strata
coupling and damping at the drill biBy placing the assumed solutitm the governing
differential equationdisplayed in Equatio.28 into these two independent boundary
condition equations he wunknown sol yBJ Qranddd ef tani eheas,
solved. Thesecoefficients can be solved by the two independent equations because each
eguation can also split into twooreindependent equationghere one includes the sine
terms and the other the cosine terms, creating foumperdient equations for the four
unknown coefficients.Now that model has been developed, the perturbation parameters

used to determine the significant factors of the sonic drill system are defined.

Sonic Drill Parameters

The variables used for this stutigve come from various sources and methods.
The most prominent source of the variables listed are from the sonic RBID750)
which was used to drive a 90 OD dril |l pi pe
the work byMemorial University(37), various reports written by Jeffrey Barrq29),
(7), (20), an ASME publication by W. C. Rockefell¢t9), and thework by Henry
Bernat, Founder of Vibration Technology, L.L.(B). The sonic drill modeled is the
RSD 750, which was developed by Bodine, but refined by Water Development
Corporation under the direction of Jeffrey BarroWhe sonic drill machine specifications
for the RSD 75@rilling rig are given inTable 3.1, andare described in the following

paragraphsA picture of the system idso displayed irFigure3.7.



Table3.1. RSD 750rig specifications
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Breakout wrench System

Leveling Jacks
Engines
Oscillator and Lubrication Oil Pump
Other rig functions
Hydraulic system
RSD*1000 Drive
Cooling
Rotation of Drill
Hoist Cylinder
Leveling jacks, breakout system, etc.
Cable Hoisting Systems
Mainline System
Rated Pull
Maximum Line Speed
Cable
Brake
Sand reel System
Line Pull
Line Speed
Cable
Jib Line System
Breakout wrench System
Pipe Sizes
Torque
Clamp Force
Water Injection System
Injection Pump
Reservoir

Item Description
Rig Structure
Length 43.41t.
Width 8.5ft.
Weight 743201bs.
Fuel Tank Size 224 gallons
Head Travel 24.51t.
Head Drive 4" Cylinder at 3500 psi
Hoist Pull 65,000Ibs.
Hoist Push : 21,0001bs.
Casing Adapters EUp to 36" diameter casing can be driven
Drill Angle iUp to 43 Angle off of vertical
Sonic Driver

{RSD*1000

Movement or mounting of Barber rotary tablé12 foot stroke 2.5" hydraulic cylinders

iThree 48" stroke cylinders with built-in holding valves

5725 hp Detroit Diesel
1325 hp Detroit Diesel

1240 gpm at 5000 psi

§266 gallon hydraulic oil reservoir

160 gpm at 3500 psi

160 gpm at 5000 psi

iThree stack fixed displacement hydraulic pump

117,500 Ibf at 260 fpm
1520 fpm at 8,750 Ibf.
1700 ft. of 5/8" diameter cable.
EMuItipIe disc, spring engaged hydraulic release arrangem

15,500 Ibf.
1400 - 800 fpm

12500 ft. of 3/8" diameter cable.
14000 Ibf single line pull

4" 10 16"
137,350 ft-Ibf
174,660 Ibf.

ECAT 2520 hydraulically powered water injection pump
1291 gallon water tank




Figure.? RSD 750drill rig.

The sonic drill carrier is a 4 Axle Crane Carriesith Hendrickson Suspension,
Allison Automatic Transmission, 10.0020 Load Range F tires on rear axles and 16.5
22.5 16 Ply Load Range H tires on tinent axles. The carrier is Serial No. AL745 and
License No. 3AYC104.The height of the rig is 14 feet 2 inches and the width is 8 feet 6
inches. The vehicle length is 35 feet 8 inches and the overall length including the mast is
43 feet 6 inches.The weight of the rig without thealrill head is 74,320 pounds with
28,540 pounds on the front axles and 45,780 pounds on the rear @kkesig height,
weight, and length are legal for travel in all contiguous states. The rig has a 224 gallon
diesel fuel &ank that feeds both engines.

The rig structure is described abase rig built by Pacific Welding & Fabrication

in Bakersfield, CA who also built Hopper and IDECO Oilfield Workover Drilling Rigs.
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All engineering calculations and dimensions performe®éxrick Dance, formerly chief
engineer of Hawker Siddeley for their Bodine Soundrive prograrig.designis based
on the Foremost Barbelual rotary 12/26 configuration.The hoist feed is by hydraulic
cylinder; no cables, sheaves, chains, or sprockets are tly duty box and tubular
steelis used in the designThe length of the head travel is 24 feet 6 in¢cpesvered by a
5 inch diameter cylinder with 4 inch rodgssured to 3500si. The system has both fast
feed rapid retract and slow feed for drilling applicationsThe hoisting systenthas
65,000 pounds of hoisting capacity and 21,000 pounds of pull down féheebreakout
wrench system is attachedtotw®d 1 f oot stroke 2 1/ 2' 0 hydra
movement or mounting of Barber rotary table.hr ee 480 stroken cyl in
holding valves are used for levelingjackdp t o 360 di ameter casi ng¢
the rig with the breakducylinders removed.The mast is configured to slide such that
work can be performed at up to a 45 degree angle off vertical.

The rig is driven by two engines The ResonantSonic Drill (RSD*1000
oscilator driver is a 16V71 turboharged Detroit diesetated at 725 drsepower at 2100
rpm with N80 injectors. This engine functions to run the oscillaterypand the 20 gpm
lubrication al pump for the Sonic Head lubricating system. All othgrfunctions are
driven by an 8V71T Detroidiesel engine genating 325 lorsepower at 2100 RPMIt
trarsmits power through an Allisorutomatic transmission which uses a Chelsea 5P223
and ispower take off (PTO) enabledto deliver power to drivérain axles otto operae

hydraulic pumps for drill rig operations.
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The RSD*1000 oscillator systens powered by four Sundstrand model 23
variable flow piston pumps connected to a Marco DP41 hydraulic puiwg ansfer
case with a 1.15 to 1.00 reductioiach purp delivers 60 gpnat 5000psi for a tdal
flow to the twoSundstrand model 26 motors of the R$000 oscillator of 240 GPM.
The oil is cooled by a Younigydraulic oil cooler attached to the 16V71T engine radiator
and circulates to a 266 gallon hydraulic oil reservoir for suction and discharge.

The rotationsystem of the RSD*1000 isriden by a separate Sundstrand model
23 variable flow piston pump producing 60gpm at 3500 psi delivered to the two
Charlynnseries 6000 motorsA Dennison A7Vvariabledisplacementydraulic piston
pump is also poweredylthe 8/71 engine through a twpad KF104 Terrell Double
Pump Drive case yielding 6Gpm at 5000psi capability. This pump feeds the hoist
cylinder for slow and rapid feed as well as the mainline and sand line wincdkes.
commercial threestack fixed displacenm¢ hydraulicpump feeds the /0 commercial
valves for all other functions on the rig including leveling jacks, breakout system, water
injection, tilt cylinders, and mast cylinderé separate 15@allon hydraulic oil reservoir
tankandhydraulic oil cookrsareis used for these systems. Drill head holdback features
are designed into the hydraulic system.

The cable hoist systemcludesa mainline system, sand reel system, and jib line
system. The mainline system includeal varieble speed, hydraulic Dwavorks wnch
manufactured by Dresser Industriddaximum bare drum single line pull of 17,504.

at 260fpm. Maximum line speed of 52fpm at 8,750Ibf. single line pull. Grooved

cable drum for DBrY8m diamet er ics b2Spaclhe and
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capacity is 700 feet.The break is a mufile disc, springengagd hydraulic release
arrangement.

The sand reel system inclekda hydraulic drive sand re
di ameter drumf h@8/l & Baregdaul bne pub of 5,50lf. with a bare
drum line speed of 40m and full drum line speed of 8Gpm.

The jib line system was a Braden manufacturing winch with 4000 Ibf. Single line
pull.

The sonic drill also contained a waterecijion system that included a 2520 CAT
hydraulically powered water injection punwath a 291 gallon water tank for supply.
Water injection was not used in this project.

The drill string used was a @pictu@bf dr i | |
the sectionsreshownin Figure3.8. The drill bit of the9 @D pillewasal 0 t hi ck st e
plate welded to bottom of the first drill string-he mass of the flat plate was 18 ll3ghe
media being drilled ttough wasprimarily unconsolidated sands. Before the boundary
conditions at the drilbit can be definedirst the different types of soil and how they will
react to the sonic drilnust & understood Typical earthentypesinclude sands, clays
and hard rock. The mechanical properties of these types of materials as well as other
well-knownmaterials are displayed rable3.2 (38) (39) (40).

From the soil properties displayediable3.2, the boundary condition properties
for sands, clays, and hard rock can be determined through the use of the stiffness and
damping terms developed by Don Warrington. The soil values used by Don Warrington

are listed inTable3.3 (36) (41). These values are very similar except that the clay solil in
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Table3.2 has the clay soil elastic modulus as high as 29 ksi, where the soil properties in

Warrington had a maximum of 3.5 ksi.

S /{‘\{:&‘:{L‘Sc
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Table3.2. Mechanicaproperties of various soil types and other well known materials.

Material | Density (p) | Young's Modulus (E) |Puissun's ratio (v) | Shear Modulus (G)
Sandy Soil 0.065 Ib./in’ 1-7 ksi 0.25-0.4 04-3 ksi
Gravel Soil 0.072 Ib./im’ 10-25  ksi 0.15-0.33 4-11 ksi
Silty Soi 0.076 b /i’ ksi ksi
Clay Soil 0.069-0.076 Ib. /i’ 1-29  ksi 0.3-0.5 04-11 ksi
Mafic igneous rocks 0.108 Tb./in’ ksi ksi
Felsic igneous rocks 0.098 Ib./in’ ksi ksi
Metamorphic rocks 0.098 Ib./in’ ksi ksi
Sedimentary rocks 0.094 Tbfin’ ksi ksi
Granite 0.098 Ib./in’ 1450 - 10153 ksi 0.1-0.3 580 - 4641  ksi
Shale 0.090 Ib. /i’ 145 - 10153 ksi 0.2-0.4 44 - 4206 ksi
Limestone 0.098 Ib./m’ 2176 - 7977 ksi 0.18-0.33 1015 - 3336 ksi
Chalk 0.076 Ib.fin’ ksi 0.35 ksi
Sandstone 0.072 Ib./in’ 145 - 2901 ksi ksi
Steel 0.289 Ib./m’ 29008 ksi 03 11168 ksi
Concrete 0.060-0.110 Ib_fin’ ksi ks
Water 0.036 Ib. /i’ ksi ksi
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Table3.3. Soil properties survey fagands and clays

Soil Type .Young's Modulus (E) | P.o i sson's | Den s.i t oy
min - max Unit min - max Average Unit

Loose Sand 1.5 - 35 ksi 02 - 04 0.0541b./in®
Medium Dense Sand 25 - 4.0 ksi 025 - 04 0.05¢b./in
Dense Sand 50 - 80 ksi 03 - 045 0.05€lb./in®
Silty Sand 15 - 25 ksi 0.2 - 0.4 0.05€b./in®
Sand and Gravel 10.0 - 25.0 ksi 0.15 - 0.35 0.072lb./in°
Soft Clay 03 - 08 ksi - 0.061b./in°
Medium clay 0.8 - 1.5 Kksi 0.2 - 0.5 0.061lb./in°
Stiff Clay 15 - 35 ksi - 0.061b./in°

The 6éad and O6b6é values derived by Don W
simple wave equation, but to relate the equationstecmivalent damping and spring
constantofthesqgil t i s propdseaddt o whes erhedlaart ed t o 06 a
bypi pe de nthe fdallowingrelaiions, aquatisr8.35 and3.36, wherej pipe is the
density of the drill pipe.

a=a*r

pipe (3.39)

b'=b*r . (3.36)

Thenew constants are then defined as outlined in equai8Asnd3.38.

a'= L (3.37)
JA* My

p=— "7 __ (3.39)
2./ A* ly

K'= *G*\/E (3.39)
_p s A .
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ry :A2 (3.40)
P
m= G * I (3.41)
0kdd is the soil s Ibffinf) (Equatioro3B8)Es & thé soip er  u n
shear modulusynin s t he area of the pile O6AG6 divide

(Equation 3.40Q) seis the density of the soilhe previous equations are used to find the
damping and spring constants along the length of the pile. Howeheerspring and
damping at the end of the drill bit amesumed using Equatio8s12 and3.43 which were
outlined by Warrington(36), but were cited from works of Lysmer, 196%2), and

Holeyman, 198843).

* *

K, :& (3.42)
@-m=*A
Wher & b pring hate of soil at the drill bitbf/in®), r. is the radius of the
drillbit, 6 A6 i s the dril lanbdi to 3cér oisss Psoeicstsioonnéasl raar
2
m= 34*r.° G * r, (3.43
(1- n)* A

Wher@ s the soil gea umip ofareg(lbfs/in®).t he dr i | |

Because the sand becawecoupled easilythe spring rate at the end of the drill
bit was estimatedrom 0 7 80,000Ibfin (assumi ng a 9whichOMas dr i | |
calculated from a bulk density of sandy soil®065Ib/in® (39) and shear moduluas
high as &si. The springrate is calculated bmultiplying &:6(found in equatior3.42) by

the frontal area of the drill bitThe damping of consolidating and displacing the sand
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into itself was ettmatedfrom 071 67,000Ibf*s/in. The damping was found bglividing
0 ®(in equation3.43) it by the drill bit frontal area and the bit perimetdrhe camping
and spring rate of clays wederived from the shear modulus and density of Winnipeg
clay as atlined in an article by J. Graham in 1983d various other sourc€39; 36; 44)

Some spring and damping valukes solid rockwere generated from stiffness and
damping values measured by Unigersityd37).AThev ani 06s
damping and stiffness constants were measuredsoma | | 2.50 OD 4dr i ||
Ib. drill bit. To relatethese values to the larger sonic drill, the relations must first be
normalized to soil characteristics. The relatiaarsd assumptionsised toderive the
damping and stiffness constants to soil characteristics are those deriviednbg.
Warrington(36), equations8.357 3.41.

The values used to find the equivalent spring rate and damping are displayed in
Table 3.4. The shear modulus of the Hackensack Siltstone was found $3Bel(°
Ibf/in? and2.11x10° Ibf/in? using k and b given ifable 3.4, respectively. The density
used for Hachensack Siltstone w994 Ib/if (2,590 kg/m) (45). Showing that the
shear modulus is within reasday using the damping and spring rate relatjiaigecks
both the validity of the relations outlindoly Warrington as well asthe measured
parametergiven in Table 3.4. However, by relating the shear moduluso Y oungods
modul us and Poi ssonds r4830ksioB0 GMRaaand 009, e al s
respectively in the book Petroleum Related Rock Mechaf#6y shows the shear
modulus should be 2xf/in? which is roughly20% of the calculated values published

by Memorial University.
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Table3.4. Physicalparameters of rocks formsulation (37)

Rock Type D, kip | k, Ibf/in |b, Ibf*s/in
Hackensack Siltstone| 85.4 [1.27x 16| 1.3x 16
Berea Sandstone 46.3 |6.6x16|8.56x 16
Pierre Shale | 7.6 [3.95x 10| 2.22x 16
Drill Bit Mass 44 |b.

Effective bit Radius (r 1.24inches

The sonic drill head had a mass clos2200 Ib (000 kg and the air spring had
an adjustable spring rate, but was held clo5t600Ibf/in for all testing. The air spring
damping at the drill string top was assumed negligible.

The sensitivity of the sonic drilling tévé followingboundaryariablesft or t he 90
OD drill pipe and RSD 75@iven inTable3.5, will be investigatd. These values were
derived from the above information givenTiable3.2 andTable3.4 as well agy using
equations3.3571 3.43.

These boundary conditions provide an indication of how the sonic drill behaves
under drilling conditions when the damping and restoring forces along the length of the
drill string are neglected. When the drilling system is first starting to drill (less &h
couple hundred feet of the surface) or when drilling through sands and hard rock, the
damping along the length can be neglected.

Because the input force is acting on the drill string at the boundary, the system of
equations can be simplified to tbeundary conditions and subsequently solved by using
only the boundary conditions. However, if the damping and restoring forces along the

length of the drill pipe are not neglected, the boundary value solution method cannot be

used and other means musteneployed to solve the governing differential equation.
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Table3.5. Modelingvariables.

Variable Nomenclature  Value Value
Sonic Drill Head Mass
Low 1,10CIb 500 kg
Medium MsoH 2,20C1b 1000kg
High 4,40C1b 2000kg
Sonic Drill Head Spring
Keor 10,0001bf/in 1,751,268N/m
35,0001bf/in 6,129,439N/m
70,0001bf/in 12,258,879N/m
Sonic Drill Head Damping CspH 0 Ibf*s/in 0 N*s/m
Sonic Drill Bit Mass
No end Bit Olb 0 kg
Trap Door for Sampling Meos 101b 5 kg
1" Flat Plate 181b 8 kg
Intermediate Mass 1001b 45 kg
Rock Hog Drill Bit 2501b 113kg
Sonic Drill Bit Spring
No Spring Rate 0 Ibf/in O N/m
Sand Loose 16,1601bf/in 2,830,050N/m
Sand Dense Ksps 79,1801bf/in 13,866,543N/m
Medium Clay 11,1601bf/in 1,954,416N/m
Extreme Clay 297,4001bf/in 52,082,722N/m
Rock (Granite) 1.00E+03bf/in 17,582,734,7360N/m
Sonic Drill Spring Rate Along the Length
No Spring Rate 0 Ibf/in O N/m
Sand Loose 3,8081Ibf/in 666,883N/m
Sand Dense Kspp 21,7701Ibf/in 3,812,51.N/m
Medium Clay 2,8481bf/in 498,761N/m
Extreme Clay 75,9201bf/in 13,295,630N/m
Rock (Granite) 2.76E+07bf/in 4,833,500,78N/m
Sonic Drill Bit Damping
No Damping Rate 0 Ibf*s/in 0 N*s/m
Sand Loose 31.5541bf*s/in 5,52€ N*s/m
Sand Dense Cspg 66.782Ibf*s/in 11,695N*s/m
Medium Clay 26.8151bf*s/in 4,69€ N*s/m
Extreme Clay 138 Ibf*s/in 24,195N*s/m
Rock (Granite) 3097 Ibf*s/in 542,368N*s/m
Sonic Damping Along the Length
No Damping Rate 0 Ibf*s/in 0 N*s/m
Sand Loose 17.4951bf*s/in 3,063N*s/m
Sand Dense Cspp 43.1951bf*s/in 7,565 N*s/m
Medium Clay 16.1051bf*s/in 2,82CN*s/m
Extreme Clay 83 Ibf*s/in 14,565N*s/m
Rock (Granite) 2003 Ibf*s/in 350,779N*s/m
Operating Frequency fiz 60-115Hz 60-115Hz
Mass of Eccentric and Eccentric Eccentricity ~ MecdTece 148 Ib*in 1.7 kg*m
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Other methodsincluding the use ofmathematical relations artdchniquedo solve the
governingdifferential equationdirectly to obtain a closed form soluti@xist, but are
very time consuming and only can be used for a sirsgéadystateconfiguration This
method is very time consumingndonly valid for specific damping and restoring forces
along the length of thpile. Because of the large amount of tirequired this method
would not be practical to use in industiiscretizing the sonic drill intéinite difference
nodesthatfollow the governing differential equation at thedalscalewasinvestigated,
as the changing damping and restoring forces can be applied ahadeand easily
updated to obtain a solutiorHowever, this method was computationally intensive and
each iteration for a single frequency required of many hours to canverg solution.
The finite differencemethodwas found to not be able axhieveresults ina reasonable
amountof time. A finite element methodvas used, because it was found thave
computationahdvantages. Thienite elemenimethod was able to soltke conditions to
determine the sensitivity of the remaining variables.

In order to use the variables derived in the governing differential equation and
ultimately input into the finite element analysis, the following variables listetabie
3.6 and Table 3.7 were converted fronTable 3.5 by using Equation 3.35 through

Equation 3.43.



Table3.6. Soil damping and spring constants for various strata.
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Variable Nomenclature Value Value
Sonic Drill Bit Spring
No Spring Rate 0.00E+00bf/in® 0.00E+0N/m?®
Sand Loose 2.54E+02bffin® 6.89E+0MN/m?
Sand Dense K; 1.25E+03bf/in® 3.38E+08N/m’®
Medium Clay 1.75E+02bf/in> 4.76E+0MN/m?
Extreme Clay 4.68E+03bf/in® 1.27E+ON/m?
Rock (Granite) 1.58E+0dbf/in> 4.28E+1IN/m?
Sonic Drill Spring Rate Along the Length
No Spring Rate 0.00E+0Qbf/in® 0.00E+0N/m?
Sand Loose 5.99E+01bf/in® 1.62E+0MN/m?
Sand Dense k' 3.42E+02bf/in® 9.29E+0MN/m*®
Medium Clay 4.48E+01bf/in® 1.22E+0MN/m?
Extreme Clay 1.19E+03bf/in> 3.24E+08N/m?
Rock (Granite) 4.34E+08bf/in® 1.18E+1IN/m?
Sonic Drill Bit Damping
No Damping Rate 0.00E+0Qbf/in® 0.00E+00N*s/m?®
Sand Loose 4.96E-01bf/in® 1.35E+05\*s/m>
Sand Dense € 1.05E+00bf/in> 2.85E+05\*s/m®
Medium Clay 4.22E-01bf/in® 1.15E+05N*s/m®
Extreme Clay 2.17E+00bffin® 5.89E+05\*s/m?
Rock (Granite) 4.87E+01bf/in® 1.32E+0MN*s/m?
Sonic Damping Along the Length
No Damping Rate 0.00E+00bf/in® 0.00E+00N*s/m*
Sand Loose 2.75E-01bf/in® 7.46E+04\*s/m®
Sand Dense €4 6.79E-01Ibf/in® 1.84E+05\*s/m®
Medium Clay 2.53E-01Ibf/in® 6.87E+04N*s/m®
Extreme Clay 1.31E+00bf/in® 3.54E+05N*s/m®
Rock (Granite) 3.15E+01bf/in® 8.55E+0aN*s/m®
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Table3.7. Soil elasticity and damping constants for various strata.

Variable Nomenclature Value

Sonic Drill Bit Spring

No Spring Rate 0.00E+00L/s?
Sand Loose 4.45E+031/s”
Sand Dense & 2.18E+08Al/s
Medium Clay 3.07E+03L/s
Extreme Clay 8.19E+03L/s?
Rock (Granite) 2.76E+09/s?
Sonic Drill Spring Rate Along the Length
No Spring Rate 0.00E+001/s?
Sand Loose 1.05E+053L/s°
Sand Dense a 5.99E+031/s?
Medium Clay 7.84E+041/s°
Extreme Clay 2.09E+05L/s?
Rock (Granite) 7.60E+03L/s?
Sonic Drill Bit Damping
No Damping Rate 0.00E+0L/s
Sand Loose 4.34E+02/s
Sand Dense by 9.19E+02L/s
Medium Clay 3.69E+02/s
Extreme Clay 1.90E+03l/s
Rock (Granite) 4.26E+04l/s
Sonic Damping Along the Length
No Damping Rate 0.00E+0L/s
Sand Loose 2.41E+02/s
Sand Dense b 5.94E+02l/s
Medium Clay 2.22E+02/s
Extreme Clay 1.14E+03l/s
Rock (Granite) 2.76E+04l/s
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Finite Element Method Model

The finite element approach will be analyzed with ANSYShe models will be
used to compare three types of strata damping and coupling. The three types are: 1)
constant; 2) linear; and 3) step function, as showFigure 3.9. The three types are
chosen because:

1) Constant values will be used to verify that the numeric model is correct with

respect to the previously developed closed form models;

2) The linear increase condition describes the linear increase of thestayidro

pressure of the strata as the drill pipe penetrates deeper into the ground; and

3) A step function can model the drilling condition where a new layer of strata is

encountered causing the amount of damping and coupling onto the drill bit to

changemstantaneously.

A fourth condition will also be explored, which is impulse damping. This will
model the condition where a part of the hole is unstable and pinches the drill pipe at a
specific location while not impacting much of the length. It is agsuthat particular
resonant frequencies with nodes at the pinch site will not be affected by pinch damping,
but to free the bar, a resonant frequency with anrande at the pinch location must be
used.

The models analyzed in ANSYSwere created in Solidwrks® as a three
dimensional model This threedimensional modelvasimported into ANSY$, meshed
the systenwasconfigured and the full modelvasthen be solvedThe three dimensional
model was used to examine the interaction between the axial and the other primary

vibration modes.Becausea drill string is a continuous systemie modes are coupled by
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weak springs, which excite the other modes, even though the primary forcingriusct

in the axial direction.

1) Constant

-~

2) Linear

A

3) Step
I

Figure3.9. Damping and coupling types.

The ANSYS finite element model is more computational efficient when a
damping ratio is usedTo use ANSYS a methodto determine the equivalent damping
ratio must bedentified, whichis derived below.

The damping ratio was derived above in equaB8d®6, but is rewritten in the

variables used equation 4.4The damping ratio is again definedéas 6

b
g=— (3.44)
V.’ +a,,
The GDE for t he soni ¢ dri || can t hen

displayed in Equatior8.27, but for clarity is included inthe governing differential

equation her¢3.45)

s%+ 2 B +w = F, (3.45)

b
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The radial fr eq inequatipn3.30dHbwewes, the abeffitients e d
040 anra @&rae n oforwaadsassimply uaingthenvialues derived aboves b 6
andinaqoations3.3571 338 The coef fagd eddrbes &dui val ent
constants along the entitengh of drill pipe. Thus to getequivalent damping and
restoring forces along the drill pipthe resonant modghapes must be used along with
the damping profile along the drill string lengtkamping along the length is givers
the local dampingonstant changes along the length d e f i n eadfunetien ofathe ( x ) :
di stance along the I ength of the dril]l str
tol. A sample mode shape and how IiFigureBX. nor ma
Thelength of the drill string is along theaxisand the taxis is the relative displacement
along the xaxisin the xdirection Local damping along the drill string defined as the
local damping at each location along the length. Sample plots of the damping and spring
rate along the length are displayed-igure3.9.

To find equivalent damping along the length, the normalized mode shape must be
incrementally multiplied by the damping value at the x location of the damping. The
values of these products are then summed and divided by the length of the drill string, as
in equation3.461 3.47. The equivalent damping could also be computed by integrating
over the drill string length and applying the product of the damping and normalized mode

shape (equations 3.483.49).

A (b,*NMS,)’

by, = V2% 22 - (3.46)

n
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& (a,*NMs,)?
B =V2r = (3.47)

n

;’-“(b'(x)* NMS(x))*dx

by, - J2 (3.48)
L
f{a (x)* NMS(x))*dx
8, =2 - * /2 (3.49)
Where the normalized mode shape ONMSO6 i
and o6L6 is the | ength of the drill string.
-1 1 u-axis

NN

p

Figure3.10. Normalizedmode sh'ape
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Now that the equivalent damping and spring Ifzee beerfound, theycanbe
used todetermine the significance of each variabléhese equations effectively take the
root mean square of the damping and the normalized mode ahdpconverting it back
to a peak value. There will be error with lower mode shapes, but the error decreases with
higher order mode shapes. However, these equations can be used as a tool to determine
the optimum mode to operate regardless, becausd givwe accurate relative values for

comparison.

Control Derivations

Resonant Condition

In order to take advantage of resonance for the sonic drilling process it is
necessary to not only understand the salient factors developed above, but the process
must be instrumented so thatén be trackethroughactive feedback during the drilling
process. The parameterswhich affect the drilling system power requirements and
complex interactive effects of mechanical forces on thesltrilig,are presenteldelow.

The resonance tracking scheme measilne phase angle between the input force
and the di @pl avcedydecntapd@n ac He lodr athieons oonA ¢ h
systemis designed to be an eccentdgven continuous resonant system. Theeyshas
three distinct frequencies that correspondtth e ma x i mu m dyo(digplayadc e me n t
in Equation3.14 max velOW¢i tayndo ymax D¢ c erl esmd d toinv ed
velocity and acceleration amplitude peaks are always located at higher fieguéan
the displace®mamd greakl oc &atred at Wi gbheecra ufsree ¢

the acceleration oOoa(x,t)o6 is related to t6F
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t he

the displacement
2.
a(X, t) = -Wf (D(X,t)

v(x,t) = wga(x, t)

A

forcing,f s&dguwaen 850 addthe \eltcitoon 6v (x, t) 6 i s

by ,t lpeg efsernd i@blg i fnr eEqquert d yo n

(3.50)

(351)

In Figure 3.11, the difference in frequencies between the max displacement,

velocity, and acceleration amplitudes are shown.

I | T
= Displacement

== Velocity
- = Acceleration

Max Velocity
Amplitude @
64.0 Hz

0.8

Max
Displacement
Amplitude @
63.5 Hz

0.6~

0.4

Scaled Amplitude

0.2

ao .
ikl | |

Max
Acceleration
Amplitude @

) 65.1 Hz =

60

Frequency (Hz)
Figure3.11. The max displacemet u6,¥ ma X

80 100

v, oxznd ymax @ccel er

angular frequencies are located at different frequencies, because velocity and acceleration
are related to the displacement by the operating frequency and operating frequency

squared; respectively. Thmax vel oci ty
because the power is maximized at this location.

anguilartlieemasncy
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For sonic drill systems, the ngsu®tbddb mpor
is the frequency where maximum power is transferred to thesthitlg. The maximum
power i s <¥l6gc abteecda uasste ovor k OWO6 is defined b

mul tiplied by de332ection 6dubé, Equation
0
W=0 Fdu (3.2
[0}

However, power 6 P03.53 dkidefiped @y yhe idtegralnof tlkeq u a t i

force multiplied by the velocity 6dvo.

(3.513)

Y
1]
o OO
M
Q.
<

The max wor kyyd swhiolcat ede amax pow@r valu
The resonant tracking scheme will use these phase angles to track the frequdmncly at
the maimumvel ocityvydmpbki fodeddéby taking5Llthe de
Findrihgf @dr the sonic drill string is very
which the most energy will be transmitted to the bit for drilling.

The maximum amplitude frequencies are useful for a control system, because it
provides ameans to control to a defined variable. However, this defined variable
constantly changesvith the impedance of the drill string and changing boundary
conditions. Relation$ips of the maximum amplitude frequencies to the undamped
natural frequency are displayed Table 3.8. There are separate relatibis for those
with a constant force system, defined as a system where the force does not vary with
frequencyand the eccentric forced system, where the input force amplitude changes with

frequency.
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Table 3.8. Relations between the undamped natural frequency and the maximum
amplitude frequencies.

W= mn-\lri.lil - 1_D-J1ﬁ_n-r;4 — 160 + 10 - 402

W= uﬂ-Jl.j - n.j-J3ﬁ.u-g4 _ 3600 4 10 - 302

These relations are displayed pictorially gure 3.12, where the natural

frequency is found to be at 60 Hz. As the damping ratio increas®s amplitude
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frequencieswill further deviate from the undamped natural frequency, extapthe
maximum velocity amplituden the constant force systemvill be constant at the
undamped natal frequency. Alsamotethat the undamped natural frequency is always
the frequency at which maximum efficiency occtéios both constant and eccentric
forced systems. The relat&mp of phase angles between the input force and the

displacement amplitwedisshownin Figure3.13

70 | I [
@ Displacement Constant Force

e \/clocity Constant Force

087 Acceleration Constant Force
67H™ = Displacement Eccentric Force —
Velocity Eccentric Force

S [ — Acceleration Eccentric Force
65 -

64~ 7]

Max Amplitude Frequency 'Hz'

0.2

Damping Ratio 'Zeta'

Figure3.12. The change in frequency for the maximum amplitude cases for the constant
forceand eccentric driven systems, with varying damping.
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Force to Displacement Phase vs. Damping Ratio

—80
CED oED crEDTEDcED @D O
&QO LA TP .o
% See. L
\ e
= o0 ‘™ o .
5 I
G.E) \ * “~ WOy
Q
<
< ~. -
2
2 A i
5 —120 Phi MaxX Constant Force \ —
o ® Phi MaxV_Constant_Force o
Phi_MaxA Constant Force \
® o Phi MaxX Eccentric Force
@ Phi MaxV_ Eccentric_Force ¢
® Phi MaxA_ Eccentric_Force
| | |
- 140
0 0.05 0.1 0.15 0.2

Damping Ratio 'Zeta'
Figure3.13. The phase change of the maximum displacement, velocity, and accelerating
points are for both constant and eccentric driven force systeimsaviting camping.

Power Delivery and Measuremeniihe power used to drive the sonic drill is

typically supplied by a diesel motorThe motor is delivering the power through a
hydraulic system to the eccentric of the sonic drill. The sonic drill takes the energy input
from the eccentric and turns this into useful work. The power exerted onto the system
from the eccentrics is the actyaiysical power(in wattg. However, this power is not
always the power required to operate the syst&hme system caalsostore energy and
reflectthatenergy back into the hydraulics, where pressures in the hydrauberiengbe

higher thamecessaryor the actual work being done on the sonic driflhis condition
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can bedescribedy use of a power factorThe power factor is the relationship between
the actual power OPO6 (usef ul power util i zeé

p o we rgenerdtéd power from the diesel engine), describEdyure3.14.

1000 5 W) A
:g 7\ ,
g X0
%: NOFf/~ A= b =~
E '. "'. /
E & \ )
S . W/ 8
~ D . (™
8 i
> &
E o™ Input Force
e - - - Velocity Response Average Power -5
» Power =379Hp
E
£ — - Average Power

-100 | | | |
0 002 004 0.06 008

Tirve Seconds'

Figure 3.14. A typical system with a power famt of 1 should have theolfowing
measuremenrgignal from the input force, velocity response, power and avemger.p

A system is said to have a power factor of 1 when the input force is in phase with
the systerés velocity, as shown ifigure 3.15, above. The typical system presented in
Figure 3.14, uses an input force amplitude of 1,000 Ibf to excite the system to exhibit a
velocity amplitude of 500 inches/second. During this operating condition the actual
power, shown in green, is ays above zero (positive) and thus, always doing real work.
The average power going into the system is a measure of the power that is doing physical

wor k. However, when the system haspactvetl o
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force, like that demastrated inFigure 3.16, the actual average physical power becomes
very low even though the diesehgineis still supplying the same amount of apparent

power.

1000 T T
- Average Power
E =6.6 Hp
%: 500 £ 3
= - =2
= = - % - -- - o=
by —| D L [
S S &
< g = &
E _ ] Input Force
= 00 ... Velocity Response J-5
8 Fower o, = 80°
2 — - Awverage Power

-1000 | b | |
0 0.02 0.04 0.06 0.08
Tircee Seconds'

Figure 3.15. A typical system that has agghng power &ctor of 0.174this takes power
away from the system to do actual woflheaverage power thus used by the system to
do work has nowmbpped to 6.6 hp agpposed to a poweadtor 1 with 37.9 hp

When the power factor approaches zé¢he physical average power approaches
zero, thus zero net physical waskdone At this point the system iserelystoring and
rejecting the energy back to the diesel enginé thus fighting théput power from the
diesel engine and in turn performing physical work.This particular concept becomes
of great importance to the sonic drill industry because conventional knowledge states that
the maximum power input to the rgo drill is a direct 1 to 1 correlation with the
maximum power generated from the diesel engine. When the power factor goes to O,

displayed inFigure 3.16, the aveage power also heads to zero. At this operating point
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the power from the source (diesel engine) is stored by the system and is thus rejected or

released back to the source (diesel engine).

1000

Average Power
=0Hp

=
o

B
it
i
k= =
> I =
g I
c i &
E e === Input Force
B 00 - Velocity Response -5
.g ——  Power
2 — - Awverage Power

-1000 :

0 0.02 004 0.06 008

Tiree Seconds'

Figure3.16. Force and velocity with a lagging power factor of 0. A typical system with a
lagging power factor of.Orhesystem is storing power from thewsce and therejecting
it back to the source thus doing no actual work, results in to zero avenage p

Power factor can also be defined as the
60RO, and apparent O SX52gndbhasenj t gi-angpsd 6 MmIdE g u ¢
also visualized irFigure 3.17. Theyare related to each other through the phase angle
0 D . The reactive power 6RO, units of oO6Var
and rejected back to the source (diesel engine) without abiego do physical worto
the system.

S= P@os(fv) + R@in(fv)d (3.52
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A

Reactive
Power ‘Vars'

R

Real Power

‘Watts'
Figure 3.17. The relation between the real power
power 6S06 is shownb aibmymorecobilesotal power flomghe e 6 A
source (diesel engine) is rejected back to

to do real work to decrease, thus performing less work onto the system.

The phasag dmalnad & a rdifferemcehetweehte inpubhfarce e
and the displ acgbmenyt ,a i &i frfed rad reada 4@ oBP0HBI9 0 de
degr £6is zem degrees. We the system is operating in this condition,ist
swapping energy back and forth between inertial and stored eelerggnts and cannot
store energyhus rejectingenergy back to the source. This condition is then the location
of the maximum efficiencyof the drill string with respect to energy generated by the
diesel engine delivered to the drill string tip. The fregwyeat which this occurs &6 .
However, this frequency is not where the max power will be delivered to the drill string,

which insteads 6¥,0 .

Reattime Monitoring of Drilling Condition

When drilling with a sonic driJlthe operator has nmdication of the type of
media they are drilling becaugbkere isan incomplete understandingf how drilling

media and operating controls affect teffectiveness of thesonic drill system and
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ultimately the rate of penetration. However, by utilizing the model®loped above as
well as measurement variables above ground such :ak) thenic drill driver acceleration
(or velocity), 2) sonic drill driver phase relative to the driver force, 3) sonic drill push or
pull force, 4) length of drill pipe, 5) rate oftedion, as well as th®) input force
frequency and7) amplitude of the sonic drivetthe stratatype being drilled can be
predicted

An artisticrendition ofwhat a human machine interface would displathadfinal

drilled strata to the operator whileiling is displayed inFigure3.18.

Key

Unknown

Heavy Sand
Light Sand
Soft Clay

Medium Clay
Hard Sand

Figure 3.18. Hypofheticalhuman machine interface drilled stagirofile available to the
sonic drill operatoif the system response variables are used to model the strata

The above variables are measured and used to determine the drilled strata. While

drilling through different strata, the sonic drill will be affed by different damping and
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spring rates at the drill bit due to the changing strata types. These changing damping and
springratescan be determineth real time from the above measured variables and the
amount of energy that is being absorbed whildiry. The drill bit should be first taken
off the bottom of the hole to obtain a baseline reading of the amount of damping along
the length of the drill stringAdditional damping due to drillingvhen notengaged and
during drilling canbe used to detmine the strata being drilled through. Also, previously
drilled strata can also be used to vetifig damping along the length of the drill string,
using equations3.46 and3.47. The strata equations will have to be verified with real

world conditions, busuchverification isbeyondthe scope of this research effort.

Choosing an Operational Resonant Mode

Because the sonic drill is a continuous systepgrating at aariable fregency
from ~ 60 Hz to 115 Hz, and typically $iaa changing input force relative to the
frequencydue to the eccentric drives, multiple axial resonant modes may be available for
the operator to choose. A sonic drill operator knows that a higher forceasatgh at
higher frequencies, and therefore more power can be used for drilling if a higher
frequency mode is utilizedUsing the developments discussed hdeemping along the
length of the drill string may be located at higher frequencyrades At the lower
frequency modes, inay be located at nodes, whichutd lead toadditional energy
delivered to the drill bit using a lower frequency mod@r example,n Figure3.19, the
high damping region is at the midpoint of the drill string. The low frequency mode shape
has a node located at thadpoint of the drill string, while the higher frequency mode

shape has an antbde located at the migbint of the drill sting. Using equatior3.48,
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damping isgreaterin the higher frequency mode than the low frequency mode. Thus, for
an operational standpoint, more energy cdiddransmittedo the drill bitusing a lower

frequency modéhan a highefrequencyresonant moe.

Damping Low Frequency High Frequency

Normalized . .
l 1 Damping -1 1 u-axis -1 1 u-axis

L D N

x-axis - . -
\ . Y

\ e

Figure3.19. High and low frequency resamtamode shapes with corresponding damping
along the length.

In choosing a resonant mode, the strain rate of the drilling action may affect
performance at the drill bit. The drillingerformancecould ultimately be linked to
equivalent damping and spring constants at the drill bit, but this modeling and

verification is beyond the scope of this body of work.
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CHAPTER 4

MATHEMATICAL MODELS

Introduction

This chapter outlines the mathematical model and variables that were used. The
variables were outlined in Chapt& but this chapter goes through the design of
experiments orselectionof the variables and models used wildfinedvariables to be
investigated.Two types of models are used} Closed form boundary solution ar)

Finite Element. Each modeling system hass advantagesand disadvantages. The
modelsusedcangenerate data morapidly and arghereforemore useful to industry are
chosen. For examplethe closed form boundamnodelis very efficient to solve the
system responder all boundary conditions as well as changing lengths of the pipe, but
cannot be easily adapted to solving with damping or restoring forces along the length of
the drill string. A summary tableTable4.1, of the assumptions of thearious models
presented in this body of work. These models includedltdsed form boundg system,

finite element model, Bodine model, and the Rockefetledel. This table can be ude

as a reference for comparison between the different models.

Closed Form Boundary Solution

The closed form boundary model is to be used for the following real world

situations. The two closed form models represent the following conditions:
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1) Little to no damping (Represents the sonic drill when it is pulled off the
bottom of the hole and the drill bit is not engaged with the strata);

2) Spring coupling at the drill bit with drill bit damping held constant (neglecting
interactions of strata along the lengfitlze drill string);

3) Damping due to the drill bit (represents the sonic drill while drilling assuming
damping and coupling spring from the strata along the length of the drill string
are negligible);

Table4.1. Summary of Assumptions for the Different Models.
Models
Closed form Boundary .
A i Bodine's W.C. Condition Finite Element Model
ssumptions Model Rockefeller's Resonant Damping and
Equation 1.3 Model DOE1| DOE2| DOE3 Coupling Along th
Modes
Length
Plane Surfaces Remain Plgne X X
Motion takes place in a sing X X X X X
Plane
Motion takes place in

Multiple Planes X X
Forces act parallel to the

direction along which the X X X X X X X
point of application moves
Boundary Conditions are

X X
Ignored
Damping and Restoring
Forces along the length of t X X X
drill string are ignored

The model will also be used to vary the boundary conditions suoiasses of

the sonic drill head and the drill bit as well as the sonic drill air spring rate. The drill

string will be modeled dive different drill string lengths, which a0 ft, 12 ft, 500 ft,

1000 ft and 1500 ft The two lower lengths are chosen because test data exists for these

particular lengths of drill pipe.

The two longer lengths are chosen because they are
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typical lenghs of drill pipe for sonic drills, but3DO0 ft is currently theipperlimits of a
sonic drilling righs depthcapability The sonic drill head mass, drill head spring rate, bit
mass, bit spring rate, and bit damping are all listetainle 3.5.

A full design of experiments will be performed over the listed variables. The total
number of variablecombinationsare 8,100 from 5 pipe lengths, 3 sonic drill head
masses, 3 sonic drilead springs, 5 sonic drill bit masses, 6 sonic drill bit spring,rates
and 6 sonic drill bit damping constantdHowever, sonic drill bit spring rates and
damping constants do not vary relative to one anotheryéuugingthe total solutions to
1350 canbinations. To decouple the sonic drill bit spring rate and the drill bit damping,
the first DOE holds the damping at the drill bit constant at 0.1 N*s/m.

To determinehow drill bit dampingaffects the sonic drill systena smaller DOE
with fixed drill bit spring ratewhile varying the drill bit dampingvas performedThis
drill bit damping DOE was performeuith a500 ft. sonic drill string length.

Another critical item is that the damping at the drill bit must be less than the
critical damping toenabé the oscillation of the bit If the damping is greater than the
critical damping then the drillbit essentiallybecomesfused with the strata and the
boundary conditions chang€iritical damping for a single degree of freedom sysiems
determined ash®wnin Equation3.8, above. Similar methodgereapplied to determine
critical damping at the drilbit; however boundary equations are used to determine the
critical damping at the drill bit. The equationsiginally shownas Equatior3.33 are

displayed again and referenced as equatibn
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4.1
Usingthe equations specified in equatidd and setting theraqualto zero while
looking at the homogenous cadg=0) The criticaldamping constant can be found by
solving the equations for the damping constant with an assumed soligiothe

governing differential equatioof motiongiven in equatior.2.

6ad 0Q6Q (4.2)
The critical damping constants for tkenic drill head and drill bit are given in

equatiord.3 and4.4, respectively.

O ca — o (4.3)

®

O ca  — Xt (4.4)

All the damping values found were under the critical damping values of the
system boundary conditionsThe generated data will be used to gieicationsof the
sensitivity of the system teach variable with respect tioe resonant frequency, drill bit
amplitude, and the ratio of amplitude of the sonic drill head with the drill bit. The drill
bit displacement amplitude and ttaio of amplitude of the sonic drill headth the drill
bit are assumedo be the most important parameters with respect to rdie of

penetration.When thesonic drill bit displacemenamplitudeis less relative to theonic
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drill headgreater amounts @nergy can be delivered and stored in the drill bit to perform
drilling. The variables examined withcludethe sonic drillhead vibration velocityat
the heall as well as the input force and phase of the drill string. Other variables
examinedncludethe relative displacemeatthe top of the drill string (drill head) and at
the drill bit.

The model was solved using codstten in MATLAB® and a copy of the code is
documentedn AppendixA. The code iterates and solves the boundary system problem
for the resonant frequencies atalculates he f our  ybn kGMGOBNVO G a & A6 D
as described in equatid®i28, above. The solutions found for all the sonic drill lengths
and modes were then exported to an Excel file.

Commercially available design of experiments software (Deisigrpert 8.0.7.1)
was used to perform the design of experiments. Some of Hi®nghipswere plotted in
Excelfor a graphicrepresentatiomnd to further verify the DOE solutions found by the

Designi Expert software.

Finite Element Method

The finite element model (FEM) characterizes the differences of various drilling
strata alag the length of the drill pipe. The FEM will be used to show the effect of
varying relative effects of restoring forces onto the drill pipe along its |einggthh the
strata. The changing strata conditions are outlinedrigure 3.9, which includes

evaluation of both spring rate and damping.
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All conditions are important to model to quantify all operational modes of the
sonic drill system, but the finite element model more efficient and more easily
implemented than the finite difference method. During this analysis the strata variables
along the length as well as the drill bit interaction will be investigated within reason with
respect to the drill chosen for thegperiment. The phase angle between the input force
and the velocity of the sonic drill head will be used as a metric to monitor these
properties at above groumdeasurement points: one of the major breakthroughs of this
researchThe drill bit velocity anplitude will also be recorded and used for comparison.

As previously mentioned, the finite element method wge-known techniqueto
achieve approximate results ah actual system. These approximate results greatly
depend on the assumptionkosenand how well the modeling system represents the
actual system. The finite element methems used instead offmite difference method,
because it required lessmputational power. A modal analysis using ANSY@II be
used as theommercially off the sHe(COTS finite element method.

ANSYS® will also be used to determine the resoreffeectsof lateral motion of
the sonic drill system. By performing a modalalysisusing a three dimensional model
the relativeinfluence of the lateral to the axial modes can be determined. If there is
interaction between the lateral and axial resonant modes, it will be apparent in the modal

analysis.
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The models performed using a Finite Elem&nalysesare as follows:

1) Modal analysis including all resonant modes (axial, lateral, torsion, and
breathing) from 60 120 Hz using drill lengths from 601000 ft. The drill
rig and string conditions are the same as outlinéicalie 3.1,

2) A comparison of lateral modes to axial modes will be demonstrated using a
modal analysis to show that unless a lateral mode is excited on resonance,
little excitation deflection is generated, even with largel$oa

3) No damping or spring coupling along the length, but with boundary conditions
to verify the model from the boundary value solutions with a drill string
length of 250 ft;

4) Uniform spring coupling along the length of the drill string;

5) Varying damping along the length of the drill string as outlineigure3.9;

6) Uniform damping and spring coupling along the length of the drill steind;

7) Varyingdamping along the length of the drill string as outlineBigure3.9.



104

CHAPTER 5

MODEL RESULTS

Introduction

This chapter describes the mathematical model reantisconditions that were
used to generate the results. Two types of models are used: 1) Closed form boundary
condition solution and 2) Finite Element. The closed form boundary condition solution
results are first described and the significant variablesdaterminedut of the eight
independent variables included in the design of experiméltte resonant modes were
listed for drill string lengths from 50 ft to 1000 fiThe finite element model results are
then listed for constant, linear, step, and impulse damping and restoring loads along the

length. The level of significance is listed for each variable examined.

Boundary Condition Solution

The boundary condition sdions mapped the sensitivities of the parameters
specified inTable5.1, with respect to: 1) Ratio of sonic drill head to drill bit amplitude,
2) resonant frequencynd 3) drill bit amplitude.

Three different design of experiments were chosen to determine the different
variable sensitivities with respect to the above 3 criteria. The boundary condition
solution results include solutions from variable relationshipesiusing Excel as well as
significance values for the design variables as calculated from a design of experiments

software. By using the boundary condition equations, relations for atdamping
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conditions were generated over 5 different sonic dniptes. The boundary condition
equations were then used to determine the combined significance of the drill bit damping
and spring rate using data generated for a drill string length of 1500 ft. Lastly, the
boundary condition model was used to determime relative significance of drill bit

damping.

Table5.1. Design of Experiments Used for the Boundary Conditions Solutions

Variable Vaﬁablg Design of Experiment
Designation 1 2 3
Sonic Drill Head Mass A X X X
Sonic Drill Head Spring Rate B X X X
Sonic Drill Bit Mass C X X X
Sonic Drill Bit Spring Rate D X
Sonic Drill Bit Damping E X
Strata Types F
(Combination Bit Rate and Dampir
Resonant Mode G X* X X
Sonic Drill Length H X
* Overlap in data and not used. Cannot generate curves over multiple drill lengt

The first DOE was to generate data and determine the variable sensitivities using
a constant drill bit damping value, while iterating over all the other available variables
listed inTable5.1. A second DOE was to generate data and determinestisitisities
for as many variables while including damping coupled with the particular spring rates
associated with different strata typeA. third DOE was also used to generate data and
determine the sensitivities for as many varialege including tke drill bit dampingand

holding the drill bit spring rate constant. Through the combination of all three DOEs the
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variables can be compared with respect to each other ardgtinestimpact variables

will be determined.

ConditionsexceptDamping

First aDesign of Experiments (DOE) was performed over the following system
design variables: 1) sonic drill head mass, 2) sonic drill head spring rate, 3) sonic drill bit
spring rate, 4) sonic drill bit mass, and 5) resonant mot@lee design variables are
outlined inTable 3.5 and these variabldgssted by the modeit sonic drill lengths of 80
ft, 120 ft, 500 ft, 1000 ft, and 1500 ft. Unddis DOE, the drill bit damping was held
constant at 0.1 N*s/m.Solutions were found at frequencies 1 Hz below the resonant
frequency, because the damping was very l@eneraion of all results at 1 Hz below
the resonant frequency gave realistic relahips of the relative amplitude of the sonic
drill head and the drill bit amplitude. It alswovideda constant offset to show the
difference of the changing amplitutéetweenthe drill bit and the sonic drill headThe
three variables that were assao beinfluenced by the boundary condition variables
were: 1) Ratio of the sonic drill head to drill bit amplitude, 2) Resonant Frequency, and
Drill bit amplitude. In addition the mode shape results were found for each drill string
length for frequeneis between 60 and 120 Hz. The mode shapes are described by the
number of anthodes present in the axial mode shape. An example of a resonant mode of
6 is displayed irFigure5.1, below.

The first variable measured was the resonant frequency including the above
variables which were analyzed by the DOE software. A full factorial DOE was

performed and all factors and combinations of factors were investigated. The most
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significant variablesvere found to be, in the order of most important to least important:
1) Combination of the sonic drill head mass and the sonic drill length, 2) Sonic drill
length, 3) Sonic drill length and the sonic drill bit spring rate, 4) Sonic drill head mass,
and 5)Combination of the sonic drill head mass and the sonic drill bit spring rate. The
results of the DOE are listed ifiable 10.1 and a summary of the most influential
variables are displayed fable5.2. The resnant mode number was found to be aliased,
meaning that it was not found to have any significance or bearing on the model. This is
because there was significant overlap of the frequencies with various resonant modes and
drill string lengths, that a mod&r the modes is not possible. A halbrmal plot of the

DOE results also shows the same results, but in a more easily readableFagureg.2.
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Figure5.1. Example of a Axial Resonant Mode Shape af 6
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Table5.2. DOE results fofactors ofinfluence of the resonant frequency.

Factor Sum of Squares Mean Prob >R
Square

Model 1.91E+05 3895.46 | < 0.0001
A-Sonic Drill Head Masg 11575.25 5787.63 | < 0.0001

D-Sonic Drill Bit Rate 6178.26 1235.65| 0.0034
E-Sonic Drill Length 38874.83 9718.71| < 0.0001
AD 12634.82 1263.48| < 0.0001
AE 1.00E+05 12525.22 < 0.0001
DE 54694.43 2734.72 | <0.0001

Half-Normal Plot
40 DE E AE

Design-Expert® Software
Resont Frequency

A Error estimates
A: Sonic Drill Head Mass
B: Sonic Drill Head Spring
C: Sonic Drill Bit Mass

D: Sonic Drill Bit Rate

E: Sonic Drill Length

o F: Resonant Mode Number

Half-Normal % Probability

|Normal Effect|

Figure5.2. Half - Normal Plot of the DOE results for the significant factors that effect the
sonic drill axial resonant frequency.

The next variable that was used to determine important factors of influence was
the sonic drill bit amplitud. The results of the DOE are tabulatedTiable 10.2 anda
summary of the most influential variables are displayetainle5.3. The resonant mode
number was found to be aliased, meaning that it was not flmuhdve any significance

or bearing on the modelThe halfi normal plot is displayed dsigure5.3. The most
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prominent factor that influences the drill bit amplitude is the combination of the sonic

drill bit spring rate and the diriength.

Table5.3. DOE results for factors of influence of the drill bit amplitude.

Factor Sum of Squares Mean Prob > F
Square
A-Sonic Drill Head Mass 1369.68 684.84 | 0.0012
B-Sonic Drill Head Sprind 669.02 334.51 | 0.0377
C-Sonic Drill Bit Mass 1659.13 414.78 | 0.0027
D-Sonic Drill Bit Rate 11678.84 2335.77| <0.0001
E-Sonic Drill Length 4773.97 1193.49| < 0.0001
AB 532.65 133.16 | 0.2654
AC 2391.26 298.91 | 0.0029
AD 4046.3 404.63 | <0.0001
AE 12081.66 1510.21| < 0.0001
BC 882.06 110.26 | 0.3731
BD 5211.42 521.14 | <0.0001
BE 3809.03 476.13 | <0.0001
CD 6364.75 318.24 | <0.0001
CE 5172.35 323.27 | <0.0001
DE 31102.44 1555.12( < 0.0001
ABC 2251.26 140.7 | 0.1414
ABE 7326.46 457.9 | <0.0001
ACD 7635.29 190.88 | 0.0007
ACE 17790.77 555.96 | <0.0001
BCE 5661.11 176.91 | 0.0063
BDE 15627.46 390.69 | <0.0001
CDE 25705.99 321.32 | <0.0001
ABCE 15153.67 236.78 | <0.0001
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Figure5.3. Half - Normal Plot of the DOE results for the signiintdactors that effect the
sonic drill bit amplitude.

The next variable that was used to determine important factors of influence was
the ratio of the sonic drill head amplitude to the sonic drill bit amplitutiee results of
the DOE are tabulated ifable10.3 anda summary of the most influential variables are
displayed inTable5.4. The resonant mode number was found to be aliased, meaning that
it was not found to have any significance or bearing on the mblelhalfi normal plot
is displayed agrigure 5.4. The most prominent factor that influences the drill bit

amplitude is the combination of the sonic drill bit spring rate and the drill length.
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Table5.4. DOE results for factors of influence of thetio of the sonic drill head to the
drill bit amplitude.

Factor Sum of Squares Mean Prob > H
Square
Model 6.51E+06 1.33E+0% < 0.0001
A-Sonic Drill Head Mgss 29486.69 14743.34 < 0.0001
D-Sonic Drill Bit Rate 6.25E+06 1.25E+06 < 0.0001
E-Sonic Drill Length 12218.72 3054.68| < 0.0001
AD 1.13E+05 11310.93 < 0.0001
AE 10887.52 1360.94| < 0.0001
DE 67731 3386.55( < 0.0001
Half-Normal Plot
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Figure5.4. Half - Normal Plot of the DOE results for the significantttars that effect the
ratio of the sonic drill head amplitude to the sonic drill bit amplitude.
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The design of experimentalculated the significant variables that influence the
factors specified.The sonic drill bit rate was the firsariable inparticular that showed
great significance throughout the modek few plots of the sonic drill head to drill bit
amplitude ratio vs. the drill bit spring rate can show the magnitude of the change of the
responsethis is shown irFigure5.5(a) andFigure5.5(b). The shift to higher numbers
indicatesthat the amplitude of the s drill head is large compared to the amplitude of
the drill bit. When the spring rate becomes too great, the sonic drill bit end becomes
fundamentally o6fusedd wadé at the tipeFigwedbis(h), crea
displays the response with various drill bit masses and a sonic drill head mass of 500 kg.
Figure5.5(b), displays the response change with various drill bit masses and a sonic drill

head mass of 200 kg.

Sonic Drill Head to Drill Bit Amplitude Ratio with changing Sonic Drill Head to Drill Bit Amplitude Ratio with changing
Sonic Drill Head and Drill Bit Mass Sonic Drill Head and Drill Bit Mass
100 100
10 10
15 1 .
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.
o
.
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Drill Bit Spring Rate 'N/m'

o
-
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-=-SDH =500, DBM = 5, SRDH = 1751268

~+SDH = 2000, DBM = 0.1, SRDH = 12258879
-#-SDH = 2000, DBM = 5, SRDH = 12258879

Sonic Drill Head to Drill Bit Amplitude Ratio
Sonic Drill Head to Drill Bit Amplitude Ratio

SDH =500, DBM = 8, SRDH = 1751268 SDH = 2000, DBM = 8, SRDH = 12258879
——SDH =500, DBM = 45, SRDH = 1751268 ——SDH = 2000, DBM = 45, SRDH = 12258879
SDH =500, DBM = 113, SRDH = 1751268 SDH = 2000, DBM = 113, SRDH = 12258879

Figure5.5. (a) Sonic drill head to drill bit amplitude ratio vs. drill bit spring rate with
different curves with various drill bit masses, 500 kg sonic drill head mass, and 1,751,268
N/m sonic drill head spring rate. (Bpnic drill head to drill bit amplitude ratvs. drill

bit spring rate with different curves with various drill bit masses, 2000 kg sonic drill head
mass, and 12,258,879 N/m sonic drill head spring rate.
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After the greatest influential factor, drill bit spring rate, has béeed, the
remaining idividual factors can be examined. A few plots of the sonic drill head to drill
bit amplitude ratio vs. the sonic drill head spring rate can show the magnitude of the
change of the responses of the other individual variabigare5.6(a) andFigure5.6(b).
Figure5.6 showsthat the sonic drill head spring rate has no significant affect (no change
in response of the sonic drill head to drill bit amplitude ratio). The sonic drill mass has
higher significancdmagnitude changef the sonic dll head to drill bit amplitude ratio
than the dril |l bit spring rate (assuming

to fuse the drill biin an antinode condition).

Sonic Drill Head to Drill Bit Amplitude Ratio with changing Sonic Drill Head to Drill Bit Amplitude Ratio with changing
Sonic Drill Head Mass and Spring Rate Sonic Drill Head Mass and Spring Rate
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Figure5.6. (a) Sonic drill head to drill bit amplitude ratio vs. drill head spring rate with
different curves with drill bit mass of 0.1 kg, various sonic drill head masses, and the
extreme sonic drill head spring rates. §onic dril head to drill bit amplitude ratio vs.

drill head spring rate with different curves with drill bit mass of 113 kg, various sonic
drill head masses, and the extreme sonic drill head spring rates.
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Another plot was generated to show the contrast betweersdnic drill head
mass and the drill bit mass. Figure5.7, the different curves are for the different sonic
drill bit masses from 0.1 kg to 113 kg. The sonidl #it mass has less effect than the

mass of the sonic drill head.

Sonic Drill Head to Drill Bit Amplitude Ratio with changing
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Figure 5.7. Sonic drill head to drill bit amplitude ratio vs. sonic drill head mass with
different curves for varying drill bit masses.

The results of the DOE software correlate well with the curves of the raw data for
the ratio of the sonic drill head to drill bit amplitude ratibhe other models of drill bit
amplitude and resonant frequency also correlated with the rawwvea¢gaassumednd

werenot verified against the raw data curves.
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Variable Effects of the Strata Being Drilled

The data for this experiment was generated using the same model as previous,
except that the damping was not held constant, but with the values calcutagedHamf
the materials as given ifable3.5. The solutions used in the DOE were generated using
a drill length of 1500 ft.Because there was only one drill length used, the resonant mode
significance was also found. Thus, the vaeabdf influence that were compared for this
DOE were 1) Sonic drill head mass, 2) Sonic drill head spring, 3) Sonic drill bit mass, 4)
Resonant mode number, and 5) Strata Tygée three variables that were assumed
influenced by the boundary condition iadoles were: 1) Ratio of the sonic drill head to
drill bit amplitude, 2) Resonant Frequency, 8)dDrill bit amplitude. These were the
same variables as used previously for thedtamped case.

The first variable of measure was the resonant frequemtyhe above variables
were analyzed by the DOE software. A full factorial DOE was performed and all the
factors and combinations of the factors were investigated (3510 possible combinations).
The most significant variables were found to be, in the avflenost important to least
important: 1) Resonanhode, 2) Stratdaypes, 3)Combination of enic drill head mass
sonic drill length and thesonic drill bit spring rate, 4Combination of the sonic drill
head mass and thetratatype and % Combination ofthe sonic drill head mass and the
resonant modeThe results of the DOE atistedin Table 10.4 and the summary of the
most influential variables are displayedTiable5.5. The resonant mode number was not
foundto be aliasedas was the case befpbecause only one drill string length was used.

A half-normal plot of the DOFResults also shows the same results, but in an

easily readable formagjgure5.8.
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The next variable used to determine important factors of influence was the sonic
drill bit amplitude. The results of the DOE are tabulatedahle10.5 and the summary
of the most influential variables are displayed Tiable 5.6. The most significant
variables wee found to be, in the order of most important to least important: 1) Resonant
mode, 2) Sonic drill head mass and the resonant mode, 3) Strata types, 4) Sonic drill head
mass, 5) Combination of the sonic drill head mass and the strata type. Thextiattl

plot is displayed akigure5.9.

Table5.5. DOE results for factors of influence of the resonant frequency.

Factor Sum of Squares Mean Prob > H
Square

Model 3.59E+06 6.8E+04{ < 0.0001
A-Sonic Drill Head Mass 1.54E+03 7.7E+02| <0.0001
C-Sonic Drill Bit Mass 3.66E+02 9.1E+01| < 0.0001
D-Resonant Mode Number 9.18E+05 7.6E+04] < 0.0001
E-Strata Types 7.65E+02 1.5E+02| <0.0001

AC 2.42E+02 3.0E+01| < 0.0001

AD 5.30E+02 2.2E+01| < 0.0001

AE 6.39E+02 6.4E+01| < 0.0001

CD 1.24E+02 2.6E+00] 0.0010

CE 1.73E+02 8.6E+00| < 0.0001

ACE 1.75E+02 4,4E+00| < 0.0001
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Figure5.8. Half - Normal Plot of the DOE results for the significant factors that effect the

sonic drill axial resonant frequency.
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Table5.6. DOE results fofactors of influence of the drill bit amplitude.

Mean

Factor Sum of Squares Prob > H
Square
Model 1.23E+00 2.30E-07 < 0.0001
A-Sonic Drill Head Mass 1.40E-02 6.78E-03 0.0797
D-Resonant Mode Number 1.00E-01 8.48E-03 0.0002
E-Strata Types 3.00E-01 5.90E-02 < 0.0001
AD 5.70E-01 2.40E-02 < 0.0001
AE 2.40E-01 2.40E-07 < 0.0001
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Figure5.9. Half - Normal Plot of the DOE results for the significant factors that effect the
sonic drill bit amplitude.

The next variable used to determine important factors of influence was the ratio of
the sonic drill head amplitude to the sonic drill bit amplitudiée results of the DOE are
listedin Table 10.6 and the summary of the most influential variables are displayed in
Table5.7. The halfi normal plot is displayed ddgure5.10. The most prominent factor

that influences the drill bit amplitudetise strata type
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Table5.7. DOE resllts for factors of influence of the ratio of the sonic drill head to the
drill bit amplitude.

M
Factor Sum of Squares ean Prob > H
Square
Model 3.59E+06 6.77E+04 < 0.0001
A-Sonic Drill Head Mass 2.02E+04 1.01E+04 < 0.0001
D-Resonant Mode Number 7.82E+04 6.52E+03 < 0.0001
E-Sonic Drill Bit Damping Value 3.42E+06 6.84E+0% < 0.0001
AD 2.04E+04 8.50E+02 < 0.0001
AE 1.31E+04 1.31E+03 < 0.0001
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Figure5.10. Half - Normal Plot of the DOE results for the significant factors that effect
the ratio of thesonic drill head amplitude to the sonic drill bit amplitude.
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Variable Effects of the Strafdamping

The data for this experiment was generated using the same modebsas
previousy, except that thdrill bit spring ratewas held constarat 52,082722N/m. The
drill string length was also held constant at 1,500rfte damping values wetefined at
values 0f0.01; 0.1; 5,526; 11,695; 4,696; and 24,195 N*sBecause there was only one
drill length used, the resonant mode significance was also folimel variables of
influence that were compared for this DOE were 1) Sonic drill head mass, 2) Sonic drill
head springate 3) Sonic drill bit mass, 4) Resonant mode number, anOril) bit
damping The three variables that were assuntedoe influencedby the boundary
condition variables were: 1) Ratio of the sonic drill head to drill bit amplitude, 2)
Resonant Frequency, aByDrill bit amplitude.

The first variable of measure was the resonant frequency and the above variables
were analyzed by the @E software. A full factorial DOE was performed and all the
factors and combinations of the factors were investigated (3510 possible combinations).
The most significant variables were found to be, in the order of most important to least
important: 1) Resnant mode, 2) Sonic drill bit massC®mbination of enic drill head
mass sonic drill length and the sonic drill bit mass, and 4) Sonic drill head mdsgwe
results of the DOE aréisted in Table 10.7 and the summary of the most influential
variables are displayed ihable5.8. The resonant mode number was founchabbe

aliased, as was the case before, because only one drill string length was used.



121

Table5.8. DOE results for factors of influence of the resonant frequency.

Factor Sum of Squares Mean Prob > H

Square
Model 9.98E+05 3.84E+04 < 0.0001
A-Sonic Drill Head Mass 3.59E+01 1.79E+01 < 0.0001
C-Sonic Drill Bit Mass 1.63E+02 4.08E+01 < 0.0001
D-Resonant Mode Number 9.82E+05 8.19E+04 < 0.0001
AC 2.19E+02 2.73E+01 < 0.0001

A half-normal plot Figure5.11, of the DOE resu$ also shows the same results.
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Figure5.11 Half - Normal Plot of the DOE results for the significant factors that effect
the sonic drill axial resonant frequency.

From well-known vibration theory, the@esonant frequency should increase with
the higher resonant maosiéor continuous systems. Because the DOE also predicts that

the most dominat variable for this is the resonamode is a very good indication that the
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DOE is working correctly and the results are accurktem the results, the sonic drill bit
mass, sonic drill head, and the combination between the two are the only other major
contributorsto the resonant frequec y, whi ch al so make sense,
affect the urdamped natural frequency resonant systems

The next variable used to determine important factors of influence was the sonic
drill bit amplitude. The results of the DOE afistedin Table10.8 and the summary of
the most influential variables are displayedleble5.9. The most significant variables
on the model drill bit amplitude were found to be, in the order of most important to least
important: 1) Sonic drill head springte 2) Combination of the sonic drill headris
rate and the resonant mode R&sonant mode, 4) Sonic drill head mass, 5) Combination
of the sonic drill head and bit masses, and 5) Sonic drill bit.ni&Eshalfi normal plot

is displayed a&igure5.12.

Table5.9. DOE results for factors of influence of the drill bit amplitude.

Factor Sum of Squares Mean Prob > H
Square

Model 1.64E+00 3.20E-02 | < 0.0001
A-Sonic Drill Head Mass 1.70E-01 8.40E-02 | < 0.0001

B-Sonic Drill Head Spring 2.55E-03 1.28E-03| 0.3282
C-Sonic Drill Bit Mass 3.60E-02 9.08E-03 | < 0.0001
D-Resonant Mode Number 7.30E-01 6.10E-02 | < 0.0001
AC 6.60E-02 8.21E-03 | < 0.0001
BD 6.20E-01 2.60E-02 | < 0.0001
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Figure5.12. Half - Normal Plot of the DOE results for the significant factors that effect
the sonic drill bit amplitude.

The next variable that was used to determine important factors of influence was
the ratio of the sonic drill head amplitude to the sonic drillbplitude. The results of
the DOE ardisted in Table 10.9 and the summary of the most influential variables are
displayed inTable5.10. The halfi normal plot is displayed dsigure5.13. The most
prominent factors thainfluencethe rato of the sonic drill head amplitude to drill bit
amplitude are: 1) Sonic drill head mass, 2) Resonant mode, 3) Sonic drill bit mass, 4)

Combination of sonic drill head mass and bit mass, and finaBpbic drill it damping.
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Table5.10. DOE results for factors of influence of the ratio of the sonic drill head to the
drill bit amplitude.

Factor Sum of Squares Mean Prob > H
Square

Model 9.86E+01 3.18E+00 < 0.0001
A-Sonic Drill Head Mass 3.99E+01 1.99E+01 < 0.0001
C-Sonic Dirill Bit Mass 1.18E+01 2.95E+00 < 0.0001
D-Resonant Mode Number 5.63E+01 4.69E+00 < 0.0001

E-Damping 1.40E-01 2.70E-02 0.0008
AC 3.30E-01 4.20E-02 < 0.0001
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Figure5.13. Half - Normal Plot of the DOE results for the significant factors that effect
the ratio of the sonic drill head amplitude to the sonic drill bit amplitude.
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Finite Element Solution

The finite element model was used for several reas@&ech of these ssons
specified previously are broken up into each following subsecfidre resonant modes
that could be excited over the drill string lengths and boundary conderesquantify
These resonant modes include the axial mode (primary concern) as viehdiag,
torsional, and breathing modes. Examples of the different mode shapes are displayed in
Figure 5.14, Figure 5.15, andFigure 5.16. These mode shapes encompass the mode
shapes in all degrees of fo@an, whereas the previous moaelly concentrated on the
primary axial resonant mode. wore efficient way to model the system response, by
lumping the damping along the length as the damping ratio of the sysésnalso
examined As opposed to the finite difference, the finite elementsmwve directly for
the steady state condition of the system, without going through and solving the transient
problem. A harmonic analyst&an beperformed using the finite element approagkr a
broad range of frequencies

The resonant excitatiobetween the axial modes and the lateral modes were
investigated. The sensitivity of the damping and coupling along the length of the drill
string was determined. The effect of the drill bit coupling and damping were also
investigated by looking at the @be angle response, which will be used to verify the

model against the empirical testing on the sonic drill system.
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Figure5.14. Example of an axial resonant mode resultant mode shape.
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Figure5.15. Example of a bending resonant mode resultant mode shape.



Figure5.16. Example of a torsional resonant mode resultant mode shape.

Resonant Modes

The resonant modegere solved for a single sonic drill configuration, as outlined
in Table5.11. The ANSYS’ model boundary conditions are also displayedFigure
5.17. Standard earth gravity was also appliedhe finite element system was

constrained to leave all degrees of freedom free. This way it accounted for all the system

dynamics.

Table5.11. Finite Element Sonic Drill Variables.

Finite Element Sonic Drill Variables

Sonic Head Mass 1000 Ibs. 450 kg
Elastic Spring Support | 36,000 Ibf/in® |9.80E-+09N/m®

Drill Bit Mass 18 Ibs. 8 kg

Pipe wall thickness 0.5inches| 0.0127m
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The resonant mode shapes were found between the operational frequencies of 60
Hz and 135 Hz. All of the mode shapes were found for drill string length8 fif 500
ft, 120 ft, 150 ft, 250 ft, 500 ft, 750 ft, and 1000 ft. The modal results are listeabia
10.10 throughTable 10.14 in the Appendix for axial, bending, torsional, and breathing

modes. The axial modes for the above conditions were found and ploftigdiie5.18.

=
=)
0.00 450,00 900.00 (in}
I S
225,00 675.00

Figure5.17. ANSYS® Model Boundary Conditions.
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Only one axial resonant mode per drill string length was present for most of the
drill string lengths up to 250 ft. Because there is only one axial resonant mode for the
lower frequencies, this greatly simplifies control for sonic drill operators. AR&6rft,
more than one axial resonant mode can be chosen for the operational frequency. For
instance, if a particular mode is found to be useful, for example mode 8, then this mode
can be used for all drill lengths between 500 ft and 1000 ft if the dmnifigshas an
operation frequency between 60 and 130 Hhis makes operation very simple for an
operator, as they would control the drill at a nearly consistent speed before and after the
addition of a new drill pipe section. However, if a problem isoantered with the
chosen mode and the penetration rate decreases for some reason, there has not been any
documented means of determining what operating mode the operator should try/use. The
methods are described in the control applications section, below.

Axial modes are not the only resonant modes that can affect a sonic drill. Lateral
(or bending) modes can play a role in the dynamics of the drill string. However, if a
lateral mode resonant frequency is not close to an axial mode, the input podest tee
excite a lateral mode is greater than the sonic drill driver can exert in any lateral
direction. The restoring forces or internal inertia of the drill string will damp out any
lateral forces that are not close enough to a resonant condiiiowe\er, if the drill bit
were to only impact on a single side repeatable, it is conceivable that there could be a
substantial moment loading onto the drill string that could excite the lateral (flexural)
modes. This particular excitation mode was not explameithis body of work, but is

mentioned in the future work section, below. The control section also has a monitoring
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section that covers lateral or flexural modes, by use of accelerometers on the lateral
planes.

Lateral modes are displayed kigure5.19. There are many more lateral modes
than there are axial modes. Because they are more closely spaced, there is higher
probability that they would cogide with an axial mode. When a lateral resonant mode
can be excited at the same frequency as an axial resonant mode, the energy can be
swapped between the two via what (34.sThec o mmon
we& spring can be any compliant member that links the two resonant modes together.
When energy is being swapped between the two resonant conditions, one mode will rob
energy from another and subsequently give it back. The mode amplitudes will not be
stable but will beat based on the energy swap rate of the weak spring. When a bending
mode is close to an axial mode the ANSYEEA analysis predicted results shows that
when theaxial mode is excited, the bending mode is also excited thrdwglweak

springsof the system.
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Axial Resonant Modes
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Figure5.18. Axial resonant modes for different drill string lengths.

Bending Resonant Modes
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Figure5.19. Bending resonant modes for different drill string lengths
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Figure5.20 shows both an axial mode with a bending mode 0.2 Hz away and one
that is within 1.1 Hz of the axial mode. The closer the bending mode is to an axial mode,
the more susceptiblg is to resonant amplification. The mode shapes are so closely
packed betweefrequencies, that there was minor overlap between the axial and lateral
modes for drill string lengths until string lengths over 75@irereached. From this
modal analysis, it idound that the lateral modes are difficult to excite unless they a
within 1 Hz from an axial mode. The reason this is the case is that the resonant peak is
very steep, as displayed kgure 2.1 above, and that by moving less than 4 &ff of
resonance the internal losses of the system (either absorbing potential or kinetic energy)
keeps the amplitude from these unwanted modes down. Not to mention that the primary
forcing function is in the axial direction, reducing the probabilityex€iting the lateral

modes due to the small lateral force vector at the sonic drill head.

Total Deformation 6 o
Type: Total Deformation moram
Frequency: 66374 He S
Unit: in o~
2/9j2013 11:27 AM g e
0.17649 Max E:
0.15691 Sa——
013732
0.11774
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0.078584
0.059003
0.039423 1m0
<-' 0.019842 — ("
0. Min

0.00 700.00 (in) r
< . [ — e

350.00

(@) (b)
Figure 5.20. Lateral coupling with the primary axial resonant mode. (a) is the 6th
resonant mode for a 75Q fong drill string and (b) is the 4th resonant mode for a 500 ft
long drill string. The lateral mode is 0.2 Hz away from the axial for the 7%@nfy drill
string mode, and 1.1 Hz away for the 5Q0dihg drill string.
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The torsional resonant modes foundnfr the FEA are displayed Figure5.21.
These modes are also challenging to excite and no cross excitation between axial and
torsional modes were olrsed for this specific drill string pipe size and length.
However, it can be envisioned that these modes could be excited by using an aggressive
drilling bit that impartedtorsional forces onto the drill stringhere were some modes
that were lightly copled with the lateral bending modes, but these particular modes were

not documented.

Torsional Resonant Modes
140

130 '

120 /

= /
==
Z 110
f =
g /
L 2 |
g 100 o f
[
e 90
()
-4
80

60
1 2 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Torsional Resonant Mode

——50ft -=-100ft -+-120ft —=150ft e=250 ft «@=500 ft 750 ft 1000 ft

Figure5.21. Torsional resonant modes for different drill string lengths.

Through understanding the dynamics of the system for all the different mode

shapes, control of the sonic drill can be performed from the surface to monitor the
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amount of bending, torsion, axial and breathing modes. Such monitoring of the sonic
drill would be at the sonic drill head and would typically be done by accelerometers in
the three principal directions, which would be used to determine if bending modes as well
as axial modes exist. The torsional mode would require an accelerometer on the outside
of the drill string, and would have to have high sensitivity for low acceleration at low
frequency. The bending modes could also be determined from multiple accelerometers in
the axial direction at different sides of the pipe. For example if 4 accelersmeates
mounted in the axial direction at 12, 3,
string, then if there were bending modes, the cross accelerometers would be out of phase

in displacement, velocity, and acceleration.

ConstanDampingandRestoring

A small design of experiments (DOE) waarformedto determine the sensitivity
of the effects drill string oscillation response dued@amping and elasticouplingalong
the length of the drill string The DOE sonic drill configuration tests digted in Takde
5.12. These conditions coincide with the constant damping as displayegure 3.9.
Figure5.22, displays the corrected results from the FEA analysis. The results were found
using a 1000 Ibf for all the frequencies. Theulsswere then scaled for the actual sonic
drill force amplitude for a given frequency as calculated using the eccentric mass and
radius given inTable3.5. Figure5.22(a) also displays that the only the axial modes are
excited with any given amplitude if the input force is acting only in the vertical direction.
This shows that there is no weak spring cogpbetween the axial and lateral modes of

the sonic drill. Figure 5.22(b) shows that the sonic drill head only changes phase
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between 180° and 0° and resonance isébat 90° when the phase is decreasing. This
relation shows that the measured data is correct and that the sonic drill should be operated
It is also noted that the bit can change phase

at phase angles of displacement of 90°.

between 180° and.80°.

Tale 5.12. FEA design of experiments listed variables to determine the significance of
the damping and elastic coupling along the drill string length.

. FEA Test Condition
Variable
1 2 3 4 5
Damping or Coupling Type None None Constant Constant Constant
Drill String Length 250 ft 250 ft 250 ft 250 ft 250 ft
Pipe Wall Thickness 0.5in 0.5in 0.5in 0.5in 0.5in
Sonic Head Mass 10001bs 1000 Ibs 10001Ibs 10001bs 10001Ibs
Sonic Head Spring Rate 36,0001bf/in® | 36,0001bf/in® |[36,0001bf/in® |[36,0001bf/in® | 36,000|bf/in
Drill Bit Mass 18 lbs 18 lbs 18 lbs 18 lbs 18 Ibs
Drill Bit Damping 0 Ibf*sfin® 0 Ibf*sfin® 0 Ibf*sfin® 0 Ibf*sfin® 0 Ibf*sfin®
Drill Bit Spring Rate 0 Ibf/in3 175 bf/in® 175bf/in® 175 bf/in® 175bf/in®
Drill String Equivalent Damping 0 Ibf*s/in® 0 Ibf*s/in® 0 Ibf*s/in®| 0.679Ibf*s/in®| 0.253|bf*s/in?
Drill String Equivalent Spring Rate 0 Ibf/in® 0 Ibffin® 342|bflin® 342 |bf/in® 342 |bffin®
Resonant Frequency Mode 2 66.50Hz 66.62Hz 66.62Hz 71.55Hz 71.55Hz
Resonant Frequency Mode 3 95.34Hz 95.43Hz 95.43Hz 103 Hz 103Hz
Resonant Frequency Mode 4 125.59Hz 125.66Hz 125.66Hz Hz Hz
Damping Ratio Mode 2 N/A N/A N/A 0.677 0.253
Damping Ratio Mode 3 N/A N/A N/A 0.61 0.228
Damping Ratio Mode 4 N/A N/A N/A 0.539 0.2
Ratio of Head to Bit Amplitude Mode 0.999 1.000 1.000
Ratio of Head to Bit Amplitude Mode 0.932 0.933 0.933
Ratio of Head to Bit Amplitude Mode 0.803 0.799 0.799

The amplitude response for the head and bit for condi8pAs and 5 are plotted
in Figure5.23. Conditions 4 and 5 are too heavily damped and the resonant condition is
not readily found by locating a phase angle of 903. Test 5 the only mode that is
excited and has a measured phase angle of 90° was located at 66 Hz. The higher modes
are too highly damped to be found by measuring the phase angle. Test condition would
indicate that dense sand and light clay should deenp the sonic drill system if applied

along the length of the drill string. The light clay results make sense, but the sand results
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do not. During testing of the drill as described in Chapter 6, below, the sonic drill was
used to penetrate sands to gtteof 120 feet. During these tests the damping along the
length of the drill string was found to be negligible. When the damping of sand along the
drill string length becomes negligible, the sand must decouple with the drill string during
drilingcausiy | i ttl e energy i s absorbed. The me
the damping of the drill system when the drill bit was not engaged with the soil because
the system was too unstable. The unstable system here is defined as a system that does
not have adequate damping to limit the oscillation amplitude of the drill string and the
amplitudes will grow uncontrollably until the drill string or driver fails due to excessive
stresses. Therefore, no empirical data was generated to match up the daomgjrigeal

drill length.
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Figure5.22. FEA test condition 3 resultéa) Amplitude response of the sonic head and
drill bit. (b) Phase response for the sonic head and the drill bit.
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FEM with Equivalent Damping and Restoring

The damping and spring rate types for linear, step, and impulse are displayed in
Figure3.9. The peak values wereathof dense sand. The mode shapes for each system
analyzed were first normalized and using equations 4.36 and 4.37 the equivalent damping
and restoring values along the dril/ strin
for the system was thenund by plugging the equivalent dampijregjuivalent restoring
and the resonant frequency into Equation 3.44. The last condition examined is for an

impulse damping and restoring as extreme clay over a 10 ft (3.05 m) long section.
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Figure5.23. FEA test condition 3, 4, and 5 results. (a) Amplitude response of the sonic
head and drill bit. (b) Phase response for the sonic head and the drill bit.

The impulse will be implemented as two separatalitons: 1) At a node and 2) At an
antinode location. This mimics a condition of swelling clay around the sonic drill string.
A summary of the test conditions are lisiedTable5.13. Thedamping and restoring

values ardistedin Table5.13 as well as displayed iRigure5.24.
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Table5.13. Variable Damping and Restoring Along the Drill String Length.

Variable DOE Test Condition
1 2 3 4
Damping or Coupling Type Linear Step Impulse 'Node Imp;lcs;g;lﬂ\ntl-
Drill String Length 250 ft 250 ft 250 ft 250 ft
Pipe Wall Thickness 0.5in 0.5in 0.5in 0.5in
Sonic Head Mass 1000 1bs 1000 1bs 1000 1bs 1000 Ibs
Sonic Head Spring Rate 36,0001bf/in® | 36,0001pbf/in® |[36,0001bf/in® |36,0001bf/in3
Drill Bit Mass 18 Ibs 181bs 18 1bs 18 Ibs
Drill Bit Damping 0 Ibf*s/in® 0 Ibf*s/in® 0 Ibf*s/in® 0 Ibf*s/in®
Drill Bit Spring Rate 175 bf/in® 175 bf/in® 175 |bf/in® 175 |bflin®
Drill String Equivalent Damping 0.144|pf*sfin® 0.21bf*s/in®| 0.031bf*s/in®| 0.351bf*s/in®
Drill String Equivalent Spring Rate 342 |bffin® 342 |bffin® 342 |bffin® 342 |bffin®
Resonant Frequency 66 Hz 66 Hz 66 Hz 66 Hz
Damping Ratio 0.144 0.199 0.062 0.728

Figure 5.25 displays the results for the FEA models for the linear and step
conditions. The amplitudes of both show that there are resonant peaks, but they have a
The

|l ow t hro

60Q6. phase angl e o0nt yAt resomant
frequencies higher than 66 Hz the dampingthese two conditionss too great to
effectivelykeep thedrill string operating on resonance

The 1.3 Ibf*s/irf (3.5 x 16 N*s/m®) damping condition was applied over a 10 ft
(3 m) length eithent a node location and at an ambide location along the drill string
length. Figure 5.26 displays that if the damping is applied to a node and not at an anti
node location; the drill string can resonate without losing much energy to the high
damping region. Therefore, if a modeheavily damped, other resonant modes should be
used to transmit more power to the drill bit. This is another reason for industry to be
using a automated control system. The possible number of downhole conditions are
simply too complex for the unaidettiller to be able to drill effectively. Therefore, the
operator cannot Anfeel o f sonic dril/

use or
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Figure5.25. FEA linear and step condition results. (a) Amplitude response of the sonic
head and drill bit. (b) Phase response for the sonic head and the drill bit.
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of the sonic head and drill bit. (b) Phase response for the sonic head and the drill bit.

Boundary Condition Results Summary

The boundary condition solutions mapped the sensitivities of the parameters
specified inTable 5.1, above, withrespect to: 1) Ratio of sonic drill head to drill bit
amplitude, resonant frequency, and drill bit amplitude. Three different design of
experimentswvere performed taletermine e dfferent variable sensitivities relative to
each other with respect to the above 3 variable criteatable summarizing the
i mportant parameters from mostlstedmprablet ant
5.14 for each of the DOE experiment numbers and 3 variablegle 5.15 shows the

same results agable5.14, but with the results sorted by the measured variable.
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Table5.14. Boundary Condition Variables of Influence.

Design of . Factors of Influence (Most Influencial '1' to least influential '8")
: Measured Variable
Experiment 1 2 3 4 5 6 7 8
Resonant Frequency AH H DH A AD
1 Bit Amplitude DH DCH CAH D BDH A AC H
Ratio Head to Bit Amplitude D AD DH A H AH
Resonant Frequency G F A AF AG C AC CF
2 Bit Amplitude AG G F A AF
Ratio Head to Bit Amplitude F G AG A AF
Resonant Frequency G C AC A
3 Bit Amplitude B BG G A AC C
Ratio Head to Bit Amplitude A G CAH AC E

Legend:
A~ Sonic Drill Head Mass
B~ Sonic Drill Head Spring Raze
C~Sonic Drill Bit Mass
D~ Sonic Drill Bit Spring Rate
E~Sonic Drill Bit Damping
F~Strata Types
G~Resonant Mode
H~ Sonic Drill Length

Table5.15. Boundary Condition Variables of Influence, sorted by Measured Variable.

Design of . Factors of Influence (Most Influencial '1' to least influential '8")
: Measured Variable

Experiment 1 2 3 4 5 6 7 8
1 DH DCH CAH D BDH A AC H
2 Bit Amplitude AG G F A AF
3 B BG G A AC C
1 D AD DH A H AH
2 Ratio Head to Bit Amplitud F G AG A AF
3 A G CAH AC E
1 AH H DH A AD
2 Resonant Frequency G F A AF AG C AC CF
3 G C AC A

Legend:

A~ Sonic Drill Head Mass

B~ Sonic Drill Head Spring Rate
C~Sonic Drill Bit Mass

D~ Sonic Drill Bit Spring Rate
E~Sonic Drill Bit Damping
F~Strata Types

G~Resonant Mode

H~ Sonic Drill Length

The most influentialsonic drill variablesfor each measured parametdr Bit
Amplitude, Ratio of Head to Bit Amplitude and Resan&nequencyare displayed in

Figure5.27, Figure5.28, andFigure5.29, respectively
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Figure5.27. Bit Amplitude Normalized Factors of Influence. 1 being most influential.
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Figure 5.28. Ratio of Head to Bit Normalized Factors of Influence. 1 being most
influential.

o
oo

e
~

o
)

o
=

Normalized Significance
o
(%]

o o
= w

o
[

o
©

o
o]

(=]
~

[=]
(=2}

Normalized Significance
o o o o
N w -9 w

o
s

0
AH CAH AC E



14¢

=

A~ Sonic Drill Head Mass
B~ Sonic Drill Head Spring Rate
C~ Sonic Drill Bit Mass
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Figure 5.29. Resonant Frequency Normalized Factors of Influence. 1 being most
influential.

The most influential parameters for the bit amplitude are the combination of the
sonic drill bit spring rate and the sonic drill length, resonant mode, and thenadimii
of the sonic drill head mass and resonant modee sonic drill bit spring rate is so
influential, because within the operating conditions, it can get high enough to essentially
Afuseo the drill bit with t he Thstessarntialy a n d
changes the boundary condition of the drill string at the drill bit to fixed, which
drastically changes the resonfmretquency When the drill bit is a noddgwo things may
occur. The first is that the current operating frequemimesnot correspond with new
resonant mode from the new boundary conditions of top free (mass and spring) and the
bottom in the fixed condition. The second is if the current operating frequency
corresponds with a resonant mode, and the top of the drill s&ripgtting in a lot of

energy, but no energy is being delivered to the drill bit. This nedetrimentalas all
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the energy goes into the string along the length and it easily can buidatm@itude
stress level that will break the drill string.

The most influential parameters for the ratio of head to bit amplitude are the drill
bit spring rate, strata type (combination of the bit spring rate and bit damping), sonic drill
head mass, combination of the drill head mass and the bit spring rateit dpllibg rate
and the drill length, as well as the resonant mo8enilarly as discussed above, the bit
spring rate can change theupadlary condition of the bit to essentialg fixed. The
strata type also plays inthe possibilityof creating a nodat thedrill bit. The next most
influential variable is the drill head mas#s the drill head mass is increaséik head
amplitude relative to the drill bit amplitude decreases. Magwo benefits for drilling:
it allows more deflection of the dribit so it can store and release more energyiand
decrease the amount of oscillation at the drill head to minimizenaeded fatigue.
However, sonic drills are typically designed to have as light of sonic drill heads as
possible, whichhasthe following effects 1) It allowsmore energy to be input into the
system, because of higher velocities wherddhee is input and 2) It allowsore energy
to drive the system above resonance, whielpscreatet he -fihockondi ti on
above.

The most mfluential parameter in the resonant frequeryy an order of
magnitude ighe resonant mode, but the next most influential is the combination of the
sonic head mass and the drill length, followed by the drill length, strata types, and bit

mass.
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Finite Eement ResultSummary

The finite element analysigas used to examine the relative influence of different
sonic drill variables than the boundary condition model. The variables with great
significance for the boundary condition model are outlined aboveabie 5.14. The
finite element model was used to determine the significance of the coupling and damping
along the length of the drill stringebause the boundacpndition nodel cannot account
for such loadings onto the systeniThe boundary condition modelas also used to
examinethe longitudinal deformation of the drill stringghile omitting the flexure,
torgonal, and breathing conditions. Howevtire finite element method can be used to
determine the sonic drill response in three dimensidrtse modal results showed that
there exist axial, torsional, and bending modes the sonic drill system. The model
predicted that the lateral modes could also be akdft¢heir resonant frequency was
within 1 Hz of the primary axial mode. Thus, the lateral modes should also be
monitored.

The finite elementmodels demonstrated that the drill conditions below ground
can be measured at the sonic drill head. Thusydmyitoring the phase angle between the
input force with respect to the displacement, velocity or acceleration, the resonant
condition of the sonic drill can be monitoredAlso, by monitoring the motion of the
sonic drill head in the thrg@imary translabnal axes (x, y, and z) the axial motion of the
drill string as well as any unwanted lateral modes can be determined. By monitoring the
phase angle of the lateral modes measured signals, the lateral resonant condition can be

monitored and avoided.
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FEA can be used to model the sonic drill system, but the damping numbers for
sands as calculated by Warringi{@®) for pile drivers do not hold true for sonic drilling.
Empirical damping data should be collected at frequencies 86200 Hz for the
different solil types, which could be later verified through FEA analysis. The damping of
clays appeared more realistic, but empirical data for all soil types at sonic drill
frequencies should be measured. The FEA analysis did shothéhaystem dynamics
can be monitored above ground and the empirical soil data, could be collected with a
sonic drill if the soil conditions are known and that there is either enough soil damping to
safely damp the sonic drill operation without the drittengaged or data should be taken
off of mechanical resonance so the system willssgtilate the response by the internal
potential or kinetic stored energy.

The method of equivalent spring and damping was demonstrated to work for the
FEA models, butfurther empirical data is required to fully validate the proposed
methods.

The FEA models did validate that the hypothesis of damping at amaddi
compared to a node will absorb more energy. In the case examined, we found that the
antinode location asorbed enough energy to drop the system displacement amplitude
the drill bit by over an order of magnitude which greatly limited the drills ability

penetrate the strata.
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CHAPTER 6

EXPERIMENTAL VERIFICATION

Introduction

The previouschapters haverpvided background in sonic drilling, sonic drilling
models, and results for the mechanical and strata variable significainessonic drill
model and model results show that the sonic drill is very complex However,
measurementf the system dynamics can be made above ground. Chapter 6 outlines the
tests that were performed using a sonic ddéta analysis of the test dasad howthe
testresults correlate with the model data generated and reported in chapters 4 and 5
resgectively.

Tests were performed using a sonic drill system owned by Water Development
Corporation. Al 0 tflatibatt&mpiece of steel was welded to the bottom drill string
and used as drill bit to drill 120 feet into the earth while collecting measneat data at
the sonic drill head. The measured data was then used to quardifyerifythe sonic
drilling conditions andsignificant operating parameteidetermined by the model

Through the data analysis, a few counterintuitive control conditions eetermined.

Test and Measurement Setup

Testing was performed with 9 inch OD sonic drill string in 10 foot sections. The

Sonic drill, displayed irFigure 6.1, useda sonic driver that produced 200,000 Ibf at 100
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Hz. Robert Dobush from Blue Star Enterprises was the sonic drill operator. The sonic
drill was used to drill the 9 inch OD drill string to a depth of 120 feet.
The sonic drill was instrumented with an aecemeter and an eddy current sensor both
on the sonic driver, displayed Figure 6.2. An accelerometer was used to measure the
sonic driver motion while drillingAn eddy current sensor was used to pick up the
eccentric crank as it rotated past the accelerometer, which created a pulse square wave
once every full rotationA picture of the actual configuration is presente#igure6.3.

An eddy current sensor is mounted to pick up the time when the eccentric is
exerting full force in the x direction. The accelerometer is mounted to measure the
acceleration in the positive ®irection. Test data was recorded using a National
Instruments USB DAQ card through Labview software. The data was recair@8¢000
samplesper second. PZT strain sensors were mounted on the sonic drill pipe just under
the sonic driver to give an indi¢an of the phase of the pressure waves traveling down

the drill string. The data was collected, but was not used for any calculations.
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Figure 6.2. Accelerometeand eddy current sensor

Figure6.3. Accelerometeand eddy current sensors

Data Analysis

Test Data and Data Construction

The accelerometeand eddy current sensor data were obtained for times that
varied between 10 and 60 seconds at various intervals while as the drill string penetrated
from the surface to a depth of 120 feet. The data was then saved as a .csv file and read

into aMATLAB © script thatwasusel to perform all data manipulation and analysis. The
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eddy current sensor data wasdeled bya sine wave that mapdthe eccentric location.
The accelerometer data was filtered, with a low pass filter with a 300 Hz cut off
frequency, to take out higher frequency vibrations of the sonic head that are unimportant
to the control system. An example of the refined data is depictéidjime 6.4. Note that

the amplitudes are scaled to show the relations of the measured functions to one another.

Phase Angle and Resonance

Knowl edge of tdbebehweenanhbéei d0put force
of the sonic driver is the key to accomplishtomated controbf a sonic drill utilizing
measurement feedbacBy recordng the phase angle between the input force and the
displacement, velocity, or acceleration of the sonic driver, many defining characteristics
about the system can be establistesdpresented in thegystem control variables section
below. The salient characteristics to understandorder to determine the resonant
conditionare the natural frequency of the resonating system, the damping of drill bit and
the amount of energyeing input into the systemand how much of that energy is being
used to perform work The natural frequency is salient because many useful values such
as damping ratio and the maximum displacement, velocity, acceleration amplitude
frequenciecan be determinegksing the natural frequencyrhe damping at the drill bit is
important as it is related to the amount of energy of the sonic drill system being used to
perform real work (drilling). Thepparentpower going into the systemnd the real
power arecalculded from the measured data at the sonic drill head. The apparent and

real power are used to derive the mechanical efficiesicyhe input power being
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transferred to the drill bit to perform drillingThe system should be operatingth a

power factor eqal to 1.

30t T T T T T T T T

20

10

o

Amplitude

-10

-

_30 r r r r r r r r r
4.36 4.37 4.38 4.39 4.4 441 4.42 443 4.44 4.45
Time

Figure6.4. Measuredignals and reconstructed eccentric mation

Eccentric Sine
Eddy Current Sensor
Accelerometer 1
Displacement

The phase angléin degrees) was determined by using the relation given in
Equation 6.1. The phase angle is defined as the phase betwégouthierce and axial
acceleratiorof the sonic drill head The phase angle was plotted versus frequency for
each of the recorded data setsgd a sample of this is shownkigure6.5, which was for

80 feet of drill string.

W
f = DtG—f @6adec
2p (6.1)
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Figure6.5. While drilling at a depth of 80 feet of drill strinthe displacement vs. input
force phase angl e ' -708 degrées, which aldws thendrilt singp e a k
to pass througkB0 degrees while moving into resonance.

The phase angle response for eatdta set was then compared with the
preliminary ANSYS predictions tadeterminehow well the data correlated. ANSY&s
well as the closed form modgredicedthat the phase will always be e®0 degrees for

the undamped natural frequency.

Push or PulForce and Resonance

The push or pull force is the constant force applied onto the drill string by the
structure The push or pull force mainly changes the boundary conditions at the drill bit.
For example, ithe push forcethatis applied the drill biexceeds 9000 Ibf, then the drill
bit will become effectivelyifused to the bottom of the hole and will act as@de This
operating condition is bad for drilling because it changes the boundary condition to a
fixed condition where the sound energy iseaeféd back to the system and the drill bit
has little to no relative motion for drilling. When the drill bit has little to no relative
motion the drill bit may generate heat, which cannot be normally dissipated by the

drilling action, which results in exessive heat buildup in thayill bit and wnder some
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cases it has melted dowrmhe actual amount of push force to cause ¢bigdition at the
drill bit will need to be further quantified though empirical testing on various strata types
and push forces.Figure 6.6 shows a resulwith a large down forcee(g.,>9,000 I)
applied and the phase angle does not reach a valu®06f which impedes the
transmssionof driver power to the drill bit. In other words, the system suffers from
powerfactor losses. The reason the phase angle does not-8€Adk thatthe drill bit is
couplingwith the mediabeing drilled,causing the system to behave like a-nesonant
pile. However, the resonant equatiateveloped earlieiTable 3.8are still valid andcan
be used to track resonance while also finding the amount of damping in the system. The
heavy damped system is directly produced by applying excessive downwardnf@nc
effort to increase the penetration rate. While driving the drill string into the ground with
80 feet of drill string, the downward force was increased from 9,000 Ibf to 13,800 Ibf
which demonstrated that higher down force negatively impactedegmant system
When the dowrforce was increased the system became even more damped causing 20%
less energy to be delivered to the end of the drill string, as displayadure6.7. The
penetratio rate also dropped from 2 toféet per minute, when the down force was
increased.Because of thadditionaldamping to the systenthe phase angle change did
not exte much higher thar90° nearlymaking the system a heavily damped system (a
system where it is not allowed to reach a point of zero losses for the sysddmplayed
in Figure 6.6. The plot shows that phase is still measurable. However, when the drill
string is exited with this exact downward force at the second drill string resonant

frequency with 120 ft of drill string ifrigure 6.6, the damping is too high to effectively
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track resonance with the same scheme. Conventional knowledge in the sonic drilling
industry is that more down force will yield higherpenetrationrate The test data
indicates that too much down foraeill causethe drill stringto become to highly
damped and thus create power factor losses.

The down force relation was found by the boundary condition model and was
determined by the DOE as one of the significant varsabBecause the coupling of the
strata at the drill bit can be large enough to essentially fuse the drill bit to the strata, the
down force must benonitored and adjusted o ensure the &6fusingé6

OocCcur.

Power

The sonic drill is currentlynonitored by the hydraulic pressure used to drive the
eccentrics. This hydraulic pressusean indicatothe amount of energy being used to
drive the eccentricddoweverit is important to note thatontrary to standard belighe
maxmum energy inputto the sonic drill does naiccur atthe same frequency as the
maxmum input power into the eccentricdHence, using increased hydraulregsure as
a means to improve drill string penetratigvhich is the commonly used methodology)
can be counterproductive andcreasesthe damping of the drill bit. This effect is
illustrated below with monitored operational conditions and experimental data but first

ideal operational conditions are first explored.
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Figure6.8. While drilling with 70 feet of drill stringthe power input to the drill tip for
drilling reacheda maximum value of 300 hp. The large amount of power transfer was
possible by a appropriatelynatched downward force for the length of drill string.

As shown inFigure 6.8 and Figure 6.9, the resonant systém power factor
decreases from 1 to very lowvallest he phasg@ & 8 ffdine90 gegrees to
-135 degreesvhere he power factor is 0.707.

In general, sonic drill operators withonitor hydraulic pressure generated by the
diesel engine, which transfers the power to the hydraulic motors that drive the eccentrics.
The operator adjusts the frequency of the machirmaawimize this pressure. However,
as Figure 6.9 displays, the optimal operating point is found before the maximum
hydraulic pressure is reached. Essentially, whereestiggne is producing the maximum
energy to drive the eccentrics. However, as showfigare 6.9, operatingthe string by
this metric results in the loss &f3 of its useful energy to the drill string additional,

extraneouslown force exacerbates the problem.
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Figure6.9. The same down force of 9,000 lpponthe drill stringresults in goower to
drop from 300 p to 175 hp by adding 10 feef drill string to the systeni Extension
from 70 to 80 feet in length.

As the drill sting increases in length, the power factor has a tendency to decrease
because of the down force due to the added weight of the drill sthiegpny@iraulicdown
force imposed by the operator is typically increased, or held constant, as more drill string
is addedandthe hole deepen€onventional thinkings thatlonger drill string require
additionaldown force due to increasing soiposed fictional interaction with thedrill
string. This operator actioresults in increasedampng of thesystem, because the drill
bit couples more with the material being drilled, causing the drill to dvivda brute force
like a pile driver. This method can sometimes be used successfully with unconsolidated
soils. This concept isshownin Figure 6.10, where the real and total power are very
different beause of the power factor change causgthe large amount of dampioigie

to the larger downwartbad of the drill string.
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An experiment was performed which increased the down force and the power
to the eccentrics dropped from 250 hp to 200whple drilling with 120 feet of drill
string However, the actual useful power during this experiment decreased from 175 hp
to 70 hp, displayed ifrigure 6.10 and Figure 6.11. When the system becomes over
damped the peak input power corresponds with the minimum amount of useful energy
transferred to the drill tip for drilling. These esults demonstrate that most of the
damping was caused only at the drill imterface with the soind not along the drill
string. If the dril string was allowed to resoteby usingless downward force, the total
power going in to the drill string wouldcreaseandthe power curvewvould look similar
to Figure 6.9 and alsoFigure 6.7 above, which display that with less downward force
damping diminishes.In summary, a experienced operator would typically drive the
sonic drill to where the most hydraulic pressis located, but this is not the location for
the best efficiency or penetration power, showRigure6.12. This operating condition
is caused by the inabilityfahe operator to know themount of down forcéo keep the
sonic drill resonating over the entire range of drilling depths.

The displacement, velocity, and acceleration amplitudes are plott€tgume
6.13. By analyzing the peak values for displacement, velocity, and acceleration, the
maximum power delivered to the drill bit is located at the maximum velocity, correlating
well with the modeled data abe which predicts that the peak power is delivered at the
maxi mum velocity @nlQlud amaxXirmuwgm e d g0y, p o> me r
vel ocdty ad®d max gc caenlgeurlaatri ofnr ebgyuenci es ar ¢

frequencies, because velocity and acceleration are related to the displacement by the
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operating frequency and operating frequency squared; respectively. The max
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Figure6.10. While drilling with 120 feet of drill stringhigh down force causdwavy
damping of thesystem which lads to the separatioaf total input power(kilo VA) and
the actual useful powgkW).
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Figure6.11. While Drilling with 120 Feet of drill string the system becaméaeavily
damped that the resonant peak wasdmxternible makingit very unlikely that the

operator could find resonance. The actual useful power is also below 100 hp where at
9,000 Ibf ofloadthe useful power can be as high as 225 hp.
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Figure 6.12. While drilling with 120feet of string the high down force of 9,000 Ibf
caused heavly damped systenmcreasinghe difficulty for a human operator.
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The power relationship is aldested in Table 6.1, where the datandicatesthat the
maxmum displacement has more power going to the drill thitn maximum
acceleration, even though the maximum acceleration point has 5% more inpuTiferce.
maxmum velocity coincides with themaximum hp, but it is only 0.5% more hp thain
maximum displacement. The system is more sensitive with the frequencies above the
velocity maximum amplitude natural frequency, because the maximum acceleration
natural fequency has 4.9 % less hp than the maximum velocity natural frequency, which
is 10 times mor@ower requiredhanoperating athe maximum displacemefrequency

A plot of the measured phase between the sonic driver displacement, velocity, and

accelerabn relative to the input force is also plotted Figure 6.14. The maximum



velocity is located at a phase anglez degrees. Fromable3.8 the maximum velocity
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is greater thathe undamped resonant frequency and is a function of the damping ratio.

Table6.1. Difference in pwer for the displacement, velocity, and acceleration maximum

amplitude natural frequencies.

Forcin Input . Useful | % Power
Mode g P Velocity .-
Frequency| force Power Loss
Max Displacement 63.5Hz 8090€ | bf 40.6in/s -18 degrees| 236.4hp 0.5%
Max Velocity 64.0Hz 82187 1bf 40.6in/s -20degrees| 237.Ehp 0.0%
Max Acceleration 65.1Hz 85037 |bf 40.5in/s -30degrees| 225.8hp 4.9%
The undamped natural frequenéyppa nd damping ratio 66 w

using the equations displayedTiable 3.8, which rel