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On rare occasions,the coiningof a newtermbringsnew ideasto a fieldby virtue of a shift in viewpoint. A
recentexampleis “complexity: whichcollectedtogether,fi-oma core of deepresults in mathematicsand
hydrodynamics,a clan of fieldswhosekinshiphad beenrevealedby the new term itself. More oftensuch
appellation merely followfashionabletrends. So it took courageon the part of the foundersof
SUPERMATto promotetheir vision. MarcelAusloos(Universit6de Li5ge,Belgium)and Gilbert
Vacquier(Universit6de Marseille,France)have shownus a way to resonateas a new chord in materials
science. As the frostconferenceon “supermaterials: SUPERMATand its compactionSMART99 have
begunto revealnew branchesof researchfromthe establishedpathwaysexploredin superconductivity.

At the conclusionof SUPERMATin Giens,France,we participantswere as energizedby the exciting
sciencethat had been coveredduringthe weekas we were impressedby the Frenchfood,wine, scene~ and
hospitality. If the definitionof a superrnaterialis not obviousnow—aflerthe conference-it was ce~ainly
not obviousbefore it. Nevertheless,the confereesweredrawninexorablytogetherby the conference
theme. Perhapsit is not appropriateto try to understandthis self organization,whichsurely is evenmore
complexthan the self organizationof electronsin a high temperaturesuperconductor,the theory for which
still eludesus after 13years!

A clue to the workingdefinhionof a supermaterialcanbe derivedempiricallyfromthe topics we discussed
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at SUPERMAT and SMART99. In additionto superconductors,we heardaboutmagneticeffectsof many
kinds, including“giant”and even“colossal”onesthat presumablytrump “super”ones, organicconductors,
photoconductors,and evenfour-hundred-year-oldJapaneseceramics. A usefidway to look at these topics
is throughthe materialssciencetetrahedron. We seethat processingis a prominentpursuit in
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EXPERIMENTAL SETUP
To be representative of field-drilling

conditions, the range of pammeters used in the
experimental setup must reflect conditions which a
PDC bit might typically experience. Weight-on-bi~
rotmy speed, and the fimdamentalfi-equenciesof the
drillstring are important parameters in the
experimentaldesign. The WOB applied to the test
fixture should result in individual cutter penetrating
forcescharacteristicof what PDC cuttersare subjected
to in the fieId. In a drilhing, the WOB is less than
the static weight of the drillstring.For this reason, the
maximum WOB applied in our tests has an upper
bound correspondingto the effectivemass of the test
fixture’s ddlstring. The rotary speed should range
from low-end values where stick-slip occurs to
maximumvalues which produce tangential speeds on
the test bit compamble to those experiencedby gage
cutters on fill-scale bits. The rotary speed range
should tnwerse the fundamental frequencies of the
drillslring to allow investigation of chatter effects at
these transition speeds. The frequencyof longitudinal
vibrationof the experimentalsetupshouldbe as low as
possiblesince in deep drilliig natural frequenciesof a
drillstring can be ve~ low (say 0.3 Hz) @Xaye4
1996]. However, since it is important to analyze
chatterbehaviorclose to the mtural fiwquenciesof the
system,the experimentalsetup is designedto makethe
fimdamentalfrequenciesof the test fixture as low as
possible.Using this approach,chattereffectsobserved
at this iiequency are representative of the system
characteristicsat frequencieswhichmaybe encountered
in the field,

DrNing tests were conductedin a labomto~-
based drill rig at SandiaNational Laboratoriesshown
in figure (I). The setup consists of a drilktring
supportedby a stiffenedbeam within a structuralsteel
iiwne. The drillstring is resti”cted to vertical
movement by guide shafts. A fixed-displacement
hydmulic motor rotates the drillsfring and hydratilc
cylinders allow application of axial load to the
drillstring. Proportional valves control the motion of
the hydraulic cylindem. A thrust bearing housing
supporting the drillstring is pin-connected to the
stiffened beam to de-couple bending moments and
only transmits thrust to the driIlstring. A rock cube
(3x3x3ft) is positioned on the base plate of the flame
and can be indexed with respect to the bit by an
internalair casteraflowingmuhiple holes to be driiied
in a single rock sample, A 3.25-inch PDC bit W=

used as shown in Fig. (2). It incmporatesthree, half-
inch diameter PDC cutters in a coring configuration.
The bit was designed using the computer code
PDCWEAR [G1owk~ 1989] with the cutters
geometrically distributed to balance the static rock
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cutting forces. Water is used as a drilling fluid and is
circulatedthroueghthe bit.

The setup is typicallyused for PDC bit wear
investigations, and hence referred to as the Cutter
Wear Testing t%cility(CWTF), was modified for the
present work. A set of springs was added to the
CWTF between the hydraulic cylinders and the
stiffened beam to introduce compliance in the axial
direction as shown in Fig. (3). This configuration .
produces a spring-mass system simulating field
conditionsof a drillstring.The fixtureallows a variety
of spring combinations to be used resulting in
translationalilequenciesin the 1-6Hi range.

The CWTF is controlled through a central
computer,whichalso recordspertinentdata. Recorded
data include WOB, torque, RPM, drillstring position
and acceleration,left and right cylinderpositions, and
left and right spring-suitecompression. Weight-on-bit
is measuredusing the diffenmtialpressure across the
hydraulic cylindem. A centrally positioned
displacementtransducer (CPDT) is used to monitor
the drilktring’sposition with respectto the frame. An
accelerometer is mounted at the centerline on the
drillstring support fixture. Additional accelerometers
were used on the spring support beams of the
compliancefixtureto charactt%izeits modalresponse.

EXPERIMENTAL APPROACH
Using a roving accelerometerand an impact

hammer,modal testing was conductedto characterize
the fi-equencyresponse of the drillstring and its
compiiant support. As planned in our experimental
design, the fimdamentalmode corresponds to axial
tmnslation of the chillstring at approximately 6 Hz.
However,subsequentmodes at higher frequenciesat
approximately 10, 12 and 16 Hz are associatedwith
several ‘Yocking” modes in the stiffened beam
supporting the drillstring. These rocking modes can
also result in axial translation of the drillstringas the
center of rotation often occurs at either end of the
stiffenedbeam. This multi-modesystemallowedus to
observesome efl%ctsof similarmodal tiquencies that
are also characteristic of field drilistrings. The
displacement transducer on the drillstring centerline ~
(CPDT)providesa response,which is a directmeasure
of viition amplitudeat the centerline.This was used
in our analysisof chatterand to discernthe position of
the cuttersin relationshipto the rock.

Drilling tests were conducted in two rock
types. Berea Sandstone, a soft formation typically
encounteredin oil and gas formation%was used first
to allow the modificationsof the rig to be evaluated
under moderate opemting conditions. Subsequent
testing was conductedin SiemaWhite Granite,a Iuu@
abrasive rock typical of geothermalreservoirs. Tests

.
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consisted of drilling a series of holes at constant
weight-on-bitand constant rotary speed and recording
drilling parameters for post-test analysis. However,
vibmtion caused a great deal of fluctuations in the
WOB, and hence the WOB values reported are time
averages recorded once the “avemge” WOB was
relatively stable. The rate of penetration of the
drillstring, and hence WOB, is controlled by the
position of a spool within the proportional valves
which control the motion of the hydraulic cylindem.
A control voltage sent to the proportional valves
determines the location of the spool and hence the
operating”characteristics of the hydraulic cylinders.
Accordingly,we developed calibrationcharts for the
WOB as a function of proportional valve control
voItagefor drilling in the two rock types. With this
calibration,we opemted the proportional valves at a
constant voltage corresponding to the target ~OB.
This allowedus to conduct our testing at an average
value of the target WOB without regard to its
fluctuations. Generally, the drilling procedure
consistedof rotatingthe drillstringat the desiredRPM,
stabilizingthe PDC bit within the rock and increasing
the WOB to the target value based upon the voltage
calibration.A five-seconddata interval was captured
at a sampling frequencyof 500 Hz at each operating
condition. In sandstone, data was collected at target
weight-on-bitvalues of 500, 1000, and 1500 Lb. at
rotaqyspeedsof 60, 100, 140, 180,200, 220,240, and
260 RPM. WOB values greater than 1500 Lb. were
not tested in sandstoneas these resulted in penetration
rates that were too large for the available rig stroke
and data recordingtime.

The former approachto stabilii the bit was
inappropriatein SierraWhiteGranitedue to PDC bulk
cutter fdihue resulting tim impact loading at high
RPM. Hence, a modtied procedure was adopted
consisting of stabilizing the bit in the rock at low
RPM, increasingthe voltage to that correspondingto
the target WOB, and then increasingthe rotary speed
to the desiredlevel. In SierraWhite Granite,data was
collectedat WOB of 750, 1500,and 2500 Lb. and at
rotaryspeedsof 60, 100, 140, 180,200,220,240, and
260 RPM. Weight-on-bitvaluesabove2500 Lb. were
not addressedas this correspondsto the weight of our
drillstringfixture. In both rock types, the PDC cutters
were inspectedafier eachhole to ensurethey remained
in a sharp, unworn condition. (Future investigations
will include the influence of PDC cutter wear on
chatter.) The drillstring was also inspected before
each subsequent hole to ensure that rock core was
extmcted, .

ANALYSIS OF RESULTS
A- Sandstone

A typical plot of the displacement at the
drillstring’s axis as measured by the Center Position
Displacement Transducer (CPDT) for a low WOB
(500 Lb.) is given in Fig. (4) and for a high WOB
(1000 Lb.) is in Fig. (5). The slope of the trend line of
these plots is used to calculatethe ROP. The ROP is
plotted against speed for different values of WOB is
given in Fig. (6). The lowest speed used for each
WOB was limited by the “stick-slip”behavior of the
systemcausedprimarilyby excessiveprocessdamping
l@sayedet al., 1994,Tlusty, 1978].The ROP was in
turn used to calculate the cutter feed (inhw),
sometimes referred to as the depth-oficut (DOC), In
orderto obtaina measureof vibrationamplitude at the
drillstring’scenterline,FFT analysis is performed on
the CPDT time data.Typicalresultsare shownin Figs.
(7) and (8). These plots correspondto the time data in
Figs. (M4) and (M5) for 500 and 1000 Lb. WOB
respectively. The average power spectral density
(PSD) in the I to 20 Hz range is plotted in Fig. (9).
Doubling the amplitude at the dominant frequency
gives a measure of the peak-to-peak value of
longitudinalvibration in the drilktring. A comparkon
of the peak-to-peakvalue whh the DOC reveals the
position of the cutter at peak motion in relationshipto
the rock surf%ce.This was used to determinewhether
the cutter moved out of the cut or remainedbelowthe
rock suri%ceduring each test. This data was used to
plot Fig. (10). In this figure, we see that certain
combinationsof speedand WOBproducehigh enough
chatter amplitudes for the cutters to move above the
rock surf&e. In these tes@ this was more liiely to
occur at low WOB. At high WOB, higher out-of+ut
values generally took place at higher speed. The
crossoverspee~ beyondwhichthe cuttermovesabove
the rock surf%ceat peak oscillation, for a 1000 Lb.
WOB is about 160 RPM and for 1500 Lb. WOB is
approximately 250 RPM. This figure shows severe
chatter condition(over 0.2 in. cutter movementabove
the rock surfiiceat the highest point in Fig. (10), even
in a sofi rock commonly encounteredin oil and gas
drilling such as sandstone. Since sandstone is a soft
rock cutters escaped damage. However, these
vibrations are typically transmitted to the drillstring’s
bottomhole assembIy,with subsequentreductionin its
survivalrate.

An examination of Fig. (9) of the PSD
reveals that the energy channeled into Iongitudmal
vibrations is highly dependent on speed and WOB.
For a WOB of 500 Lb., the 200 RPM rotationalspeed
represents the most unstable condition in our speed
range. On the other hant at 1000Lb. WOB the PSD
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decreasesbeyond 200 RPM only to increase again at
220 RPM. Simi]mzi~g behaw”oris exhibited at the
1500Lb. This can be explainedby examiningFigs. (7)
and (8). As mentioned above these figures represent
the FFT of the CPDT time data at 500 and 1000 Lb.
WOB at 200 and 220 RPM respectively.Examination
of Fig, (7) for the 500 Lb. WOB reveals a single
dominant mode at 6.35 m while Fig. (8)
correspondingto 1000Lb. WOB showstwo modes at
7.32 and 10.25HZ The 7.32 Hzmode at 1000Lb. is a
longitudinalmode correspondingto the 6.35 Hz mode
at 500 Lb. WOB. The 10.25Hz componentappearsin
the longitudinaldirectionas a result of an asymmetric
rocking mode of the support beam. The stabiIity
diagram for a single mode is typically composedof a
set of lobes corresponding to this mode. However,
when two modes are active, two sets of lobes are
superimposedon the top of eachother.As the speed is
increased for a given WOB, the corresponding
stability diagram comes into play. When chatter takes
place, the operating condition is above the stability
limit. The closer the operating condition to the
stabiIity limi; the less the vibration amplitude, and
vice-versa.Thii explainsthe trend of the PSD curveat
500 Lb. WOB in Fig. (9). The t%thestpoint from the
stability lobe is at 200 RPM. Similarapproachcan be

. used to explain the behaviorof the PSD curve at 1000
Lb. WOB in Fig. (9). The superpositionof the lobes
corresponding to the two’ active modes causes the
zigzagpatternshownthe figure.Sincethe data showed
that high WOB generally tends to excite multiple
modes, thk trend is also seen in Fig. (9) for the 1500
Lb. WOB,and is expectedto continueat higher values
of WOB.

h order to illustrate we above correlation
between chatter level and degree of instability, a
stability diagram for a simplified model of the
drillstring and bit was developed. The following
assumptions were made in establishing the stability
diagram:

a- The stability diagram is based on the
active modes at the current WOB and
that the frequencies of those modes do
not changesubstantiallywith sped

b- OnIythe dominantmodes are includedin
the stabilitydiagram.

c- Modes are representedby the Real part
of their Frequency Response Functions
calculated to match the minimum vahte
and frequency at eachmode.

d- The bti has three ‘Wades” rather than
discretecutters.The blades are radiil .gnd
equalIyspaced.

e- The cutting stiffness of the rock is
constant and independent of WOB or
speed.

f- Processdampingis neglected.
The stability lobes obtained in the 140-260

RPM speed range are represented as “relative
instabili~ with arbitraryunits, since the tnmd is what
we are interestedin at this time. A superpositionof the
relative instability lobes on the PSD plots is given in
Figs. (11) and (12). Figure (11) representsthe 500 Lb.
WOB dominatedby one mode and shown in Fig. (7).
As we can see tlom Fig. (11), the general trend is for
chatterto increaseas instability increases.Sinihu plot
is given in Fig. (12] for the 1000Lb. WOB. Here we
have two dominantmodes as shown in Fig. (8). Both
these two modes come into pIay. Aga@ the general
trend is for chatter to correlate with instability in a
zigzagpatternas shown.The PSD at 140RPM in Fig.
(12) is lowdue to the high value ofprocess dampingat
low speeds and high WOB. Process damping was
neglected in the stability analysis as indicated in the
fSSUWtiOnS above. Attempt should not be made to
match the chatterPSD and instabilii curve point-for-
.point. One must considerthe assumptionslisted above
and rather look for the generaltrend betweenthe PSD
and instabilitycurves, which.is clearly shown in Figs,
(11) and (12). Currentlywork is progressing towards .
refiningour model for abetter representationof the bit
and drillshing.

A correlation can also be seen between the
decreasem chatter amplitudeand increasein the ROP
by examiningFigs. (9) and (6). As the chatier ener~
drops drasdcallyat the 500 Lb. WOB and 200 RPM in
Fig. (9), the ROP increasesat a higher rate as seen in
Fig. (6). This trend is not as dramatic at the higher
valuesof WOBsince chatterenergy in those caseswas
small and its changewith speedwas not as drastic.

B=SIorra WMte Granite
Similar tests were conducted in SWG.

Chatter was so severe and so destructive to cutters,
that the outsidecutter,whichruns at the highest speed,
broke frequently.The design of the bit was such that
cutters lacked sufficientsupporLwith the outside one
least supported This placed the cuttersin shear, rather
than in tmmpression.In order to eliminate the lack of
Wport m a fictor in cutter fhihwe,tie design of the
bit was modified to provide sufficient support for all
cutters. Even with the new desi~ outside cutter
i%ilureoften occurred. Failure a!so occurred in the
rnkldle cutter and in cutter support wedges. On more
than one occasio%the screws holding the bti to the
ti”lktring were sheared due to load fluctuations. A
typical cutter fidlureis shown in Fig. (13). As we can
see, f%ilureis catastrophic and caused by the heavy
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impact encountetd under chatter conditions.This bit
- with the original design prior to improving cutter
support - has pefiormed well during extensive wear
testing conducted on the same setup but without the
added compliance along the drillstring’s axis. The
added flexibility however allowed for high chatter
amplitudes and increasing impact loads which led to
cutter failure. Tlds condition is analogous to actual
drilling in hard tuck. Under field conditiou bit
bounce at the hole bottom is severe, and yet is not
easily detected at the sutfitce. This has been proven
theoretically using a simulation model of a typical
drillstring undergoing instability associated witi
severe chatter [Elsaye& 1S96]. The attenuation of
vibrationas it travels from the bit to the surhce was
shownto be substantial.

Figure (14) shows the averagePSD in the 1-
20 Hz range for Sierm White Grauite.As we can see,
the trend is similar to that of %mdstonein Fig. (9).
This is expecte& since this be@ior is primarily a
fimctionof the system dynamicsas explained above.
At low WOB=700Lb., one mode dominate%whaleat
higher WOB vahtes two modes generallyplay a role.
A plot of out-of-cut distance is shown in Fi~ (15).
Here we observe that at 1500 Lb. WOB, the cutters
wereout of the cut in all tests. A comparisonwith Fig.
(10) for sandstoneshows that at 1500 Lb. WOB, the
cutterswere within the cut exceptat the high speedof
260 RPM. The primary reason is that for the same
WOB and spee~ the DOC is smaller in SWG than in
sandstonedue to its high cuttingstiflimss.

CONCLUSIONS
From the above data we see that chatter

analysis is best performed on a system whose
complianceapproximatesthat of a drillstring.Chatter
takes place when using PDC bits even in soft rock
such as Sandstone.In hard rock such as Sierra White
Granite,the effkctof chatter is so severethat it causes
IlequentcatastrophicIXlureof the cutters. It was also
found that chatter severity correlates to the lack of
stability in the system. Chatier causes a deleterious
effect to the ROP. Future efforts to control chatter in

PDC bits will be of great. benefit to not only
geothermal,but also oil andgas operations.
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Fig. (1} CutterWearTestingFacility (C-
As Modifiedfor ChatterTesting
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Fig. (4} C!PDTResponse,Sandstone,WOB=500
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