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One of the most effective drilling techniques is jet (om\“‘)
erosion) drilling. Experiments with jet drilling have shown
the technique to be effective with pressures up to 100 MP&
(14,500 psi) in most sedimentary rocks (1-5). Considering the
difficulty in pumping large volumes of fluid at high pressure,
the technique would be much more valuable if it could be made
effective at pressures commonly used in drilling (normally
below 24 MPa - 3,500 psi). For this, an enhancement technique
is required. A study of the physics'of the problem leads to
the conclusion that there is a distinct possibility of enhancing
the effectiveness of a lower pressure stream by disrupting
the jet. Pulsed jets have been reported to be more effective
than steady jets because of the water hammer pressures crcated
(6-9).

In an attempt to determine an enhancement technique, the
effects vl an arc discharge on a jet are investigated. The
primary effects considered are the enhancement of the initial
shock wave by the stream velocity, the water hammer caused by
the interrupted stream and the jetting into a collapsing

cavitation bubble. Although the experiments were conducted
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at atmospneflc pressuvs condltlons, effects of hydrostatlc
pressure on the systep are con51dered The exper1menta1
; apparatus consisted of a capac1t1ve dlscharge system to
develop an arc through the jet passing between the electrodes.
fThe primary diagnostic tools are piezoelectric pressure trans-
¢ucers, framing and stream cameras'and physical damage 6bser—
'v;;ions. | | - |

It is possiblé thit an arc.dis;hargg can be used to
sizns icantly enhance the._ rock remov1ng capabllltles of a high
veiccgty liquid jet. Any of the several effects may inde-

efic.al to the jet drilling technique.
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Thcse phepomena, &lon, with possible problem areas are

Ny g Y

gutivaness of a water jet as a drilling or rock
remov i vechnicue has seen demonstrated in field tests

{1,2}. 1In order to remove harder rock, pressures must be

)-‘

aisad to higlhh levels. Some experiments have been conducted
. , :

usiny pressures in e-coess of 100,000 psi. This is technically

efisctive Yut ratiaey difficult to achieve practically since

pRte ccstjﬁf produciag *he high pressures generally renders

1kcrsy5tem uns Conomicsl,

¥hon a sownsdy jou is used, the maximum pressure exerted
e The rock Y. . siggnation pressure (P = 1/2 pUstz),

wiaeve Yoo is the st o velocity. If the jet is pulsed, the
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maximum preésure obtained‘is.thg impact (water hammer) pressure
(p =_pU5US£ where U, % 1500 + 1.9 Ust,‘US is the sho;k velocity
in m/s). Although the duration of the imbact pfessure is very
short,:a pulsed jet is more effective at rock removal than a
steady jet (7). Thus, an enhancementAtechnique that will in
effect interrupt the jet would be valuable. An arc discharge
through or near the stream can disrupt the jet. Besides the
impact pressure created by fhe interrupted jet, there are two
additional effects that caP ?nhance the drilling capabilities
of a jet., These three %igg;g;ues éré'discussed below in fhe
order in whiéh they occuf in tﬁe-experiment.

The arc discharge creates a plasma channel in the liquid,
which expands rapialy with time. Expansion of the arc
channel formed in the liquid rapidly drives the surrounding
liquid out from the arc thereby creating a shock wave. The
strengtb of the shock wave is a function of the particle
velocify caused by the channel expansion. If the dischargé
occurs in a moving stream, the particle velbcity relative to
a fixed reference frume in the direction of the stream flow,
wiil be the sum-of the stream velocity and the particle
velocity due to channel expansion., The resulting shock wave
velocity will be enhanced by this effect.

The enhanced shock wave will occur only if the arc
discharge goes through the stream. This shock wave will be

more effective than one created by an arc discharge or other

explosive of the same shock strength alone because of the
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nonuniformity of the stress. spate_created on the rock surface.
Anytime 4 stress discontinuity is éreated»the conditions fbr
rock remcval are enhinced., (This situation is.whaf makes
roller cone bits so effective.) The shock stress 1is épplied
cnly over the area of the jet creating the desired discontinuity.
This effect is even more pronounced in the stress created by
tﬁe water hammer which occcurs after the origihal shock wave.
haskdissipated.

Probably the most effective enhancement technique is«
ereatea by the diﬁr&ptiqn of the jet by growth of the arc
¢channel intc a bubble. This bubble growth effectively

imgereupts the jet, which as pointed out above, creates. the ™

£

impaéﬁ or watey hamm2. pressure condition when the jet 3 %
reenters and impacts the.lower side of the bubble. .This ?
creatos PYESSUTes much greatgr, by a factor_ZUs/USt, than a *%
steady strean. The oxtremely high pressures generated coupléﬁ
with the stress discratinuity makes this a very effective rock

o | i

remeval technique, | 5
The final efiect to be éons;dered is the cavitation bubble

jetving that will Leour when the spark generated bubble collapses.

Cavits* "on bubble « “lapse has been studied extensively By

$ilie {1C) and ..“hevs. Their results show that when a bubble

cosllapses mnar = suviace, a small extremely high velocity jet

"% fevmed 3 ». effective damage mechanism. There is a
gacaliiliyy Tuel % cavitation bubble collapse can act
weymgndeticsl T iyl the interrupted jet to enhance the

r

fapoey even swurihes f the timing is proper.
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Thg~primary‘concern with the technique is the effect of.
hydrostatié pressure on the shock wave and bubble dynamics.
The effect of the stream on the arc discharge would be minimal
since the relative motion of even a high velocity .stream is
small in the time required to generate the arc discharge
(usually less than 1 us). The effect of hydrostatic pressure
on shock wave generation has beehvshown to be small in unpublished
experiments at Sandia Laboratories. The effect of preésuré on
bubble dynamics is significant though, because the potential
energy of a bubble is PV. The energy'stored in bubbles of the
same volume, V, is directly proportional to the pressure, P.
Although bubbles are more difficult to create at depth, the
greater stored energy increases the potential for Tock removal,

fhe hydrostatic pressure that occurs at depth increases
the probability that the bubble coliapée can enhance the impact
velocity of the interrupted jet. As the bubble starts to .
collapse the pressure inside the bubble drops low enough for
the jet to reenter and traverse through the bubble, For the
_bubble collapse to enhance the jet velocity, the bubble
cqilapse velocity must be equal or greater than the jet
velocity. This occurs when the system is under the hydrostatic
pressure found‘in wellhbores. .

- The exact hydrostatic pressure required is a function of

the bubble size, jet velocity and other system parameters,
but the system can be sized so that normal bottomhole pressures

in typical wells will be adequate.
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Theoretically, this system should significantly enhance .
the jet-drilling tecinique. The equipment. required will be
vgomplex, but not sut-ide present state-of-the-art technology.
Preliminary experimer.ts conducted to initiate verification of

the theory are discuszed below.

Experimental Apparatu:

Three différent svstems were used to create the water jet
in these experiments. The systems and their pressures wefe:

water wain - 0.34 o J.55 MPa (50 to -80 psi), Hypro pump -- 2.69

Mie (750 psi), ond Partek Liquiblaster -- 3.45 to 13.79 MPa
: oy
~ o~ -~ o . v . » 3 . e k(h”
(50 to Z0CL pzi). The pressures yielddvelocities ranging
. &

Zoew 24 m/s €6 L4 m/s when passed through a converging nozzle
AL : g ‘

b .
with exit diameter of 02,0027 m (0.1 in). This nozzle is made

of stainless steel and is threaded into an insulating plastic

s
o)
@

F

weusing {ze2 Figurs 13, During the experimental runs the té§t

pressure vas menitored with a standard Bourdon pressure gauge.
The arc was creaied by discharging a 1.86 uF (or 0.35 pF)

¢apacitor through a cable 1iné, switch and electrode pair with

a total inductaﬁce of about 1.65 uwH. Charging voltages were

in thke 15-25 kV range., Again, Figure 1 shows the electrodes

and their positisn  relationship to the nozzle., The short

gap (3 mm, 0.12C in, and high inductance of the system made

conversic., of euavsw into channel growth very inefficient,

but the sysfewm was coezquate for the purpose of this experiment.

Both single u:e opyou fire discharges were available, The
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voltage across the electrodes and.theicurrent through the arc
was monitored by oscilloscoﬁe !

High speed photographic equipment was used to gather
data. Frame rates of 7500 to 850,000 fr/sec were available,
along with streak records to record shock wave velocities.

The streak records have a velocity resolution capability of
1éss than 100 m/s. In -addition, twelve frames at spacings of
10 to 100 psec.could be recorded on Polaroid film. The first
frame couldAbe delayed for as long as 8 ms and an ¢1e¢troﬁic
flash could be programmed to operate at any time desired.

The basic element of the pressure sensing transducer is a
Z-cut lithium-niobate piezoelectric crystal which is nominally
6.4 mm in diameter and 0.64 mm thick. The dimensions of fhe_
transducer were so selected that equilibrium is established
within the gauge in times which are short compared toAthe
risetime of the pressure pulse. The transducer was operated in
the voltage mode by making the RC time éonstant of the circuit
long compared to the bressure pulse duration and‘the gauge
output was recorded with a camera coupled oscilloscope. For
both shock wave and bubble collapse pressure measurements the

transducers were mounted near the surface in an RTV matrix

and located from 10 to 30 mm bclow the electrondes.

Experimental Results and Discussion

Initial results indicated that the jet stream had no

detrimental effects on thc arcing phenomena. As discussed
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earlier, this is a r¢asonable finding due to the short time
pecessary to establinr the arc (about 1 us). In fact, the
:arc appeared as if nr stream were present. |

The next majer suestion to be resolved was that concerning
the ability of the pucssure field genefated by the arc to
stop the water jet. At stagnation pressures up to 2.7 MPa
(%90 psi} this ability was clearly demoﬁstrated,'however,
above tﬁis level smali zir bubbles obscuredAhost Qf the action

and the determination could not be made. Figure 2 shows the

3
3
!

jet woving downward deying the time period in which the arc

is being formed; whil: Figure 3 shows a later time period

Z
I

wheve the existing pressure field has disrupted the stream.

- . iy e . , € oo
fhe Jet wilt Be imitervupted only se long as the bubble pressure

is greater than the siream pressure; as the bubble pressure

drage the jet will prerce the bubble, pass through the low

fenstty regivn and dmoact the surface (the bottom of the holé

in drilling orerzticns). . N v
The problems with operating the system at atmospheric |

pressure are car-ic v dissolved,air in the liquid (water)

and by bubble ¢ :2 {:rength of time to collapse). The first

problem oceurs oy ~he high pressure water is accelerated

through 2z L. ts .y dissolved gases are forced out because

of the pressure << . in the nozzle. The small bubbles of air

chscure "o acticy: ¢ :2t is occurring and weaken the shock wave

created - o Jiacrrge.
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Figure 4 shows a streak recdrd of the arc with the accompanying
shock wave. This shock wave is attenuated both in velocity and
in magnitude by air bubbles in the water. This was easily
evidenced by'the difference in the transit times of the shock
Qave from the arc to the transducer when the jet was on |
compared to when it was off. The magnitude of the shock Qave
(seen as a voltage peak on the oscillbscope traces) was not
consistently reduced when the . jet was on. The reason for this
is thought to be that in some instances a shock wave is fo;med'

: othide the stream thus lessening the magnitude and velocity
attenuation whereas in other instances the shock wave is formed
in- the stream aﬁd the air represents a severe impedance té |
- the shock wave.and.substantiélly attenuates it. Shock wave
velocities as low as 200 m/s were observed.(compared with
minimum shock velocities of 1500 m/s in water without gas.
.bubbles). The effect of finely-diSpérséd gas bubbles on

shock wave properties has been observed before (12). This
situation represents a severe problem to tests at atmospheric.
conditions but the problenm Wiil not exist at bottomhole
.pressures, _ B

Another difficulty is actually a timing problem in the
experiment. For the cavitation bubble collapse to be
effectively influenced by the jet, the bubble diameter must
be of same order as the jet diameter, and the average bubble
collapse velocity and jet velocity must be similar. At

atmospheric pressure the bubbles grow to a large size and
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collapse slowly. The cbvious solution to both of these
experimental problems is to conduct the tests under hydro-
static pressures simi‘ar to borechole conditioﬁs, where bubble
sizes will be small. and collapse velocities high.

There is enhancement of the shock particle velocity by
the stream velocity but this is somcwhat more difficult to
observe. ﬁecgﬂse of gas bubbles, sharply defined shock waves
were observed in the streak‘records 6n1y at the lower stagna-

tion pressures. Although at these pressures, the variation

cle velocity is often as great as the stream

e

in shock pavt
velooity, indicetions ~re that the stream velocity augments
gﬁa sheok Qarﬁicl& veluscity as predicted. _ "
Eigufe 5 shows a typical pressure vs time trace as received
frgm the mecunted transducer. The two small negative pulses at
the boginning are assaciated with voltage application and
current conduction al the electrodes. The shock wave generated
by the arc dischar = -ravels through the water at the‘shock -
veloci®, , V. s~ acwivates the transducer. This is the first

pulse seen in Figurs 5 and is typical of blast wave pressure

“puises. The second r-ressure pulse is the dynamic pressure,

AV)

3

1/2 pve, of the .. .i. flow causea by the bubble expansion.

" If the transducer i: free in therwater, this pulse is not
seen. Super:.i:ssed on the pressure from bubble expansion is
another pulse 27 uvnl: own origin. The time of occurrence is
"in the range 0 ¢ine when the interrupted jet strikes the

bBottom -7 the bubble  Because of the repeatability pfoblems,

c&Ywas vor pouesitle Lo confirm that this pulse was in fact

s
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impact pressure in this experiment.

In these experiments, the effect of the jet. on cavitation
bubble collapsé was not satisfactorily quantified. As stated
abpve,'at atﬁospheric pressure, the bubble size is too large
and the collapse velocity is too slow_for the jét to control
the bubble collapse. The high speed photographs show thatA
the étream has an influence on the bubble collapse but the
usefulness of the stream in contrblling collépse will have to
be proven in subsequent experiments. Figure 6 shows a pre%suré
response cﬁrve that results from bubble collapse. Collapse
times varied from 4 to 6 ms depending on the amount of energy
transferred from the discharge to the bubble. The variation
in energy transfer and other factors created such a large
variation in the bressure pulse generated that any differences
in the pulses caused by the jet were indistinguishable from
bubble collapse without a jet, ‘

The most significant information gained was from a
qualitative rock-breaking experiment using the 2.69 MPa
(390 psi) HYPRO pump system. -In'this experiment, three
"conditions -- a jef alone, arc discharges alone and arc dis-
" charges through a jet alone -- were used in an attempt to damage
Berea Sandstone, Indiana Limestone and granite. The exact energy
input and shock pressure were not determined for this experiment.

The 2.69 MP#‘(SQO psi) stream was directed against the

sandstone (Figure 7) for 30 seconds and the limestone for
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60 seconds. ‘the slight dimple seen in Figure 7 may have been
made in the sandstone by the jet but no damage was done to the
limestone (Figure 8). The arc was discharged near the sand-
stone five timés, and near the limestone six times. No damage
was visible in .either case. In the final portion of the
egperiment, the jet wes turned on and an arc passed through

it three times for the sandstone and six times for the
limestone with a jet fiow of about five seconds per pulse. A
significant depression was made in both cases (Figures 7 and
8). Aanothe? run wze mode with 12 dischafges and ‘flow against

grocitas. Thie marrved The surface of granite in an area about

e

30 wn io diamecter. In a final run, the jet flow was dis-

et

cirarged ggainzlt the sands tone six times, resulting in a
linle 1.3 cc in volume, : : -

&

The impac? nressure in this case was only about 23 MPa
{3260 psit hecavse o the air bubbles in the water. With | Y
degassed water, the p:essure would be about 123 MPa (17860‘&
psi; The prescure .Acrted here is about the threshold pressure

for Imdiana lim=. . orc Leported 1n the 11teratue for a

feie

traversiay fat (173).

Fhose woneriesnts show that there is a beneficial

effcct in arye. vy thuough a high velocity stream. It should be
notes wiat na proit v determination was made as to which
possTii. ef ¢ . us: .esponsible for the rock-removal capability

elth. b Tuu s most likely to be responsible for the
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damage. The significance of the .experiment is that rock was
removed by a combination of two systems, neither of which was"
powerful enough alone to do any signficant damage. Individually,
the arc and the jet systems represent something far below the
capabilities required of either system alone, but in a

synergistic combination they were successful in removing rock.

Conclusions and Recommendations

To date, the analysis and exﬁeriments have revealed the

following: -

1) The arc passes through a liquid jet. No evidence
has been found that the arc would have a tendency
to go around a stream, | )

2) The arc discharge effectively interrupts the jét
stream flow creating water hammer (impactj conditions.

3) The shock particle velocity'is'probébly enhanced by
the jet stream velocity. |

4) The jet stream has some effect on the cavitation
bubble collapse altHough the’magnitude of this.
effect was not determined.

5) Rock removal is significantly increased by combi-
nation of (he two tcchniques. »

Further experimeﬂts must be carried out to quantify Items 3
and 4. Experimehts under bottomhole simulated hydrostatic
pressures should be conducted to evaluate the system under

realistic conditions.
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A jet stream passing through the area between the
'electrqéeswin an .axC Cischarge (spark) drilling system appears
to have:definite advantages. No problems were observed that
wou%d exist under the hy&roStatic préssure in a well bore.

The use of a relatively high velocity jet in combination with

the spark drilling techinique warrants intensified investigation.
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-- 1) 30 seconds water jet, P_ =
Mo psy .~ 4) 5 arc discharges only, 3):- 3 arcs
with water jet < 15 seconds.

Fig. 8 indiana tone -- 1) 60 seconds water jet,
«“} 6 ar¢ discharges only, 3) 6 arc discharges with
water jet < 30 seconds (extra holes not from this

experiment)






