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NOTICE-------. 
This report wu prepared u an account of wort ::0"10n:d by the United States Government. Neither 

e Urutcd States nor the UnJted States Ener 
:es:earch and Development Administration nor any~ 

eu empk>yces, nor any of their 'contractors 
subcontncton, or t~efr employees, makes anY 
~r~nty , express or Implied, or assumes any legaJ 
lilbillty or responlib~ty for the accuracy, completeness 
or uxruii!UI of any mformation, apparatus , product or 
~';~ d~osed, O( represents that its use would not 
1n n nge pnVJtely owned rights. 

One of the most effective drilling techniques is jet 

erosion) drilling. Experiments with jet drilling have shown 

the technique to be effective with pressures up to 10 0 MPa 

(14,500 psi) in most sedimentary rocks (1-5). Consider ing the 

difficulty in pumping large volume s of fluid at high pressure, 

the technique would be much more valuable if it could be made 

.effect i ve at pressures commonly used in drilling (normally 

below 24 MPa- 3,500 psi). For this, an enhancement tec hnique 

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 pres:::,u r es created 

(6-9). 

In an attempt to determine an enhancement technique, the 

effects uf an arc di s chargA nn a jet are investigated. The 

primary effects considered are thA enhancement of the initial 

shock wave by the stream velocity, the water hammer caused by 

the interrupted ~tre am and the jetting into a collapsing 

cavitation bubble. Although the experiments were conducted 

9!~ 
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at a tr.1ospheric pres su:::e conditions , effects of hydrostatic 

pressure on the· syste.r .. are considered. The experimental 

,,apparatus consiJtcd of a capacitive discharge system to 

develop an arc through the jet passing between the electro?es. 

·rhe primary diagnostic tools are piezoelectric pressure trans-

&m::ers, framing and st!'eam cameras and physical damage obser-

V:d:ions. 

It is possible th~t an arc discharge can be used to 

s:L;;n i ·i.cantJ.y enhance the .. rock removing capabilities of a . .,high 

vcicc~ty liquid jet. An; of the several effects may inde­

j'. ~';;:dr .. >1·." y prove he::1efi ~:~;.al to the jet drilling technique. 

·:;·;~<';;;,"'; phenomcna 1 alo::..,.,. w·ith possible problem areas are 

.b..n ~ J y s :; ::; ..-, ... -- .... ..-.• 4'"'---·-·· ,, 

rePWV'.i Y<....::1Jn.i·:r~H; ha.s :)een demonstrated in field tests 

(1 ~ 2J ~ In order to re.nove harder rock, pressures must be 

rab,c-~ci to high leveL:.. Some e:x:per:i.mP.nts have been conducted 

usi:n~ pressures in e··:c.·:ss of 100,000 psi. This is technically 

~~f.(ective t n.'i: ro:.Li.:.:r difficult to achieve practically since 

cost t): produc:i!J.g 1:he high pressures generally renders 

s :: :. :: d.y J •,: ·, is used, the maximum 

s:~~nation pressure (P 

pressure exerted 

2 = 1/2 pUst ) , 

If the jet is pulsed, the 
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maximum pressure obtained is the impact (water hammer) pressure 

(P =_pUsUst where U
5 

~ 1500 + 1.9 Ust' Us is the shock velocity 

in m/s). Although the duration of the impact pressure is very 

short,. a pulsed jet is more effective at rock removal than a 

steady jet (7). Thus, an enhancement technique 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 the interrupted jet, there are two 

additional effects that can enhance the drilling capabili~ies 
e-f-\ (' c+:j . . . 

of a jet. These three -t-e-c-h-n-i-q·u€-s are discussed below in the 

order in which they occur in the experiment. 

The arc discharge creates a plasma channel in the liquid, 

which expands rapidly 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 

strength of the shock wave is a function of the particle 

velocity caused by the channel expansion. If the discharge 

occurs in a moving stream, the particle velocity ~elative to 

a fixed reference frame in the direction of the stream flow, 

will be the sum-of the stream velocity and the particle 

velocity due to channel expansion. The resulting shock wave 
. 

velocity \vill 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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nonuniformi ty of th.e stress st.ate created on t:he rock surface. 

Anytime a stress dis~ontinuity is created the conditions for 

: rock removal are enhcnced. (This situation is what makes 

roller cone bits so effective.) The shock stress is applied 

only over the area of the jet creating the desired discontinuity. 

This effect is even m~re pronounced in the stress created by 

the water hammer which occurs after the origi~al shock wave 

has dissipated. 

f'robal.Jly the m.ost effective enhancement technique is.., 

cr·er;~.t.c:·':-1 by the (li~,r·':..pt:i..on of the jet by growth of the arc 

channel into a bubble. This bubble growth effectively 
~-!­

i~"··~cr:tupts the jet,. ···1hich as pointed out above, creates. the· 

'.,~:r:Htc·t_ or w~tc1· hmm·::~.. pressure condition when the jet 

f(:;E;nters and impacts the. 10\ver side of the bubble. . This 

1~e extremely high pressures generated coupl~a 

·wj th the storess dis:c-' •1tinui ty makes this a very effective rock 

removal te~hnique. 

'fhe final ef~ect to be conslut:red is the cavitation bubble 
I 

jct:~:,ng that will .·;:·::nr when the spark generated bubble collapses. 

C~vitc• ·~n bubble t :~apse has been studied extensively by 

·('·r·•· r10) ~~~ttl.~ ~ Their results show that when a bubble 

collapses ~0ar ~ ~-,~iace, a small extremely high velocity jet 

.;; ~' f"" 'l'l" "' ,.l '-·~ v ... h~\...· \:-~··,~ . . h. I:; 4-~.· effective dantage mecl1anism. There is a 

~;.,:•: .. ,:~i.;;; ~~it/ •·~; .• L ;_~, cavitation bubble collapse can act 

··~:/~:·~·.,;,i;:ti~··-.c~:· '-'~-'~ the i11terrupted jet to enhance the 

cvnn c.\i.i.'~;·,c,:· .. f the timing is proper. 

,/i. 
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The primary concern with the technique is the.effect of 

hydrostatic 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 vs). The effect of hydrostatic pressure 

o~ shock wave ~eneration has been shown to be small in unpublished 

experiments at Sandia Laboratories. The effect of pressure 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 proportl.onal to the pressure, P. 

Although bubbles are more difficult to create at depth, the 

greater stored energy increases the potential for rock re~oval. 

The hydrostatic pressure that occurs at depth increases 

the probability that the bubble collapse 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 

collapse velocity must be equal or greater than .the jet 

velocity. This occurs when the system is under the hydrostatic 

pressure found in well bores. 

· 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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Theo1"eticaily 1 'th1s system· should significantly enhance 

the jct·drilling tec!nique~ The equipment .. required will be 

~"complex;· but not out··,ide present state-of-the-art technology. 

Preliminary experimer.ts conducted to initiate verification of 

the theory are discussed below. 

E,"~erimental Apparatu•,. 

Three diffarerit systems were used to create the water jet 

in these experiments. The systems and their pressures were: 

water ma:.n- · 0,34 i.e. J.SS l'-1Pa (50 to 80 psi), Hypro pump_:... 2.69 

P. ::' r t e k L i qui b 1 as t e r - - 3 . 4 5 to 1 3 . 7 9 MP a 

(50(} to 2 0 (; (3 p:::. i ) . Yh::: pressures yield.:::lveloci ties ranging 
::(.' 

~~.-:: m/E.· lie 1f:'~l m(:; when passed through a converging nozz'le 

V>it.h exit di.amete'r. of 0.0027 m (0.1 inJ. This nozzle is made 

ol! stainles!; steel and is threaded into an insulating plastic 

~:...cusL~;_: (:: t:~:.: :~ig1n:c \;. During the experimental runs the test 

pressure was mon~to~~d with a standard Bourdon pressure gauge. 

The arc was created by discharging a 1.86 pF (or 0.35 pF) 

qtpacitor through a cable line, s,d_tch and electrode pair with 

a ~otal inductance of about 1.65 pH. Charging voltages were 

in the 15-25 kV T~n~~ .. Again, Figure 1 shows the electrodes 

nnd their positi:::·~-.. · ::;"elatiunship to the no1.zle. The short 

gap (3 mm, 0,120 h~~ <1.nd high inductance of the system made 

conver:.~l,.c ... of c\:~=-:·t~,.-,. )nto channel growth very inefficient, 

but th~~ S}3tvr;~ 1c:, ~'.>.!quate for the purpose of this experiment. 

Both single :·: < •• ·.:'I·:,'·~ fire discharges were available, The 

:. /~ 



-7-

voltage across the electrodes and. the current through the art 

was monitored by oscilloscope 

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 

less than 100 m/s. In -addition, twelve frames at spacings of 

10 to 100 ~sec could be recorded on Polaroid film. The first 

frame could be delayed for as long as 8 ms and an electro~ic 

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. Th~ dimensions of the 

transducer were so selected that equilibrium is established 

within the gauge in times which are short compared to the 

risfrtime of the pressure pulse. The transducer was operated in 

the voltage mode by making the RC time constant of the circuit 

long compared to the pressure 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 nun bclo\v the electrodes. 

Experimental Results and Discussion 

Initial results indicated that the jet stream had no 

detrimental effects on the arcing ~henomena. As discussed 
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ea·rl.ier, this is a :r~ asonable -finding. Glue to the short time 

llCC-essary to establ:;.:,:l. the arc (about 1 l-IS). In .. fact, the 

=arc appeared as if n:- stream were present. 

The next major ~uestion to be resolved was that concerning 

t.he ability of the p·;:·cssure field generated by the arc to 

~top the \oJater jet. At stagnation pressures up to 2. 7 :MPa 

(390 psi) this ability was clearly demonstrated, however, 

above this level small air bubbles obscured most of the action 

and the de~ermina~ion could not be made. Figure 2 shows the 

jc·t ~,1oving. dm'l!Yt.,ard :irring the time period in which the arc 

is hcing fe;rmed.; 'i·;hiL: Figure 3 shows a later time period 
~~~~; 

~beie the existing fT~ssure field has disrupted the stream. 
G:l-;:. -· -

·r~~~~ jet ;dli. bl! l.'ylt·e:-::'·1.-i.pted only 5-0 long as the bubble pressure 

i~ greater than the stream pressure; as the bubble pressure 

lJr·\~'-" 
·~ '"'l· - t:h e Je:;t i,,~·i 11 x~ :: r~:r ce the bubble, pass through the low 

1:1: n. c; 1 t·r· j'* (! L)! }_ -~; T?. a:n ~1 jJl1:)act the surface (the bottom of the hole 

The ;.)roi;1ems wi U:. operating th.e system at atmospheric 

pressure are C<H·,:;:..-~ ".'/ dissolved, air in the liquid (water) 

and by bubble ~: ·. ·~r;:. ·C!.ength of time to collapse). The first 

prdblem ocr·L·J. ~· -\f.~!·~~~ . he high pressure water is accelerated 

thro :ug~1 ;t :1 -, ~:: ~' ;, y dissolved gases are forced out because 

of the p-ressure r.·' .. in the nozzle. The small bubbles of air 

created , l .! t/' t"' C·' • """' (T t:\ '.;' ..... , . -~';'- .;;.:,. b~. 
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Figure 4 shows a streak r.ecord 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 \vas easily 

evidenced by the difference in the transit times· of the shock 

wave from the arc to the transducer when the jet was on 

compared to when it was off. The magnitude of the shock wave 

(se~n as a voltage peak on the oscilloscope trace~) 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 formed 

outside the stream thus lessening the magnitude and velocity 

attenuation whereas in other instances the shock wave is formed 

in the stream and the air represents a severe impedance to 

the shock wave. and substantially attenuates. it. Shock wave 

velocities as low as 200 m/s were observed .(compared with 

minimum shock velocities of 1500 rn/s in water without'gas. 

bubbles). The effect of finely dispersed gas bubbles on 

shock wave properties has been observed before (12). This 

situation represents a severe problem to tests at atmospheric 

c6nditions but the problem ~ill ~ot exist at bottornhole 

.pressures. 

Another difficulty is actually a timing problem in the 

experiment. For the cavitation bubble collapse tu 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 gro\oJ to a large size and 
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collapse slowly. The obvio~s ~ol~ti6n· to both.6f ·these 

.experimental problems is to conduct the tests under hydro­

static pressures simi~~r to borehole conditions, where bubble 

sizes will be small. and collapse velocities high. 

There 1s enhancement of the shock particle velocity by 

the stream velocity but this is somewhat more difficult to 

pbserve. Because of gas bubbles, sharply defined shock waves 

were observ~d i~ the streak records only at the lower stagna-

tion ~res~ures. Although at these pressures, the variation 

in shcck ~~rticle velo~ity is often as great as the stream 

1rel c.ci ty, in eli r~t=.t:~,:n;_.:.: ·.re that the s trea.m velocity augments 

fi'r:.t~' :~l~cc:k f~'~rt:i:cle 'J·e] '.lCi ty as. predicted. 

~-::.igure S shu·:-rs a ·~:.ypical pressure vs time trace as received 

from the mounted tra~5rlucer. The two small negative pulses at 

the bcg3.:nni!1.g are ass ·~:cia ted with volt age app 1 ica t ion and 

curro:'.t con.::1i.Icticm a:. t:hc electrodes. The shock wave generated 

by the arc d~s~haT 1 ~ ~ravels through the water at the shock~ 

\·";loci~·; 1 F.,". ~···'I ~tcU.vates the transducer. This is the first 

' pulse see~ in Figur-e (~ and is typical of blast wave pressure 

: puls6~. The second ~cessure pulse is the dynamic pressure, 

1/2 pv2 
t of thE ·. ,. '··· flow caused by the bubble expansion. 

If the transducer L· f·.ree in the water, this pulse is :not 

seen. Super:t,:.[.':>s ed :.::n the pressure from bubble expansion 1s 

another pulse ,7~ ·.? 1.~nl.: 0\'111 origin. The time of occurrence is 

·in. the range ~.<. ;·:d'te when the interrupted jet strikes the 

bottom ~·-~ tE~ bubble Because of the repeatability problems, 

.. o confirm that this ~ulse was in fact 
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impact pressure in this experiment. 

·In these experiments, the effect of the jet. on cavitation 

bubble collapse was not satis.factorily quantified. As stated 

above, at atmospheric pressure, the bubble size is too large 

and the collapse velocity is too slow.for the jet to control 

the bubble collapse. The high speed photographs show that 

the stream has an influence on the bubble collapse· but the 

usefulness of the stream in controlling collapse will have to 

be proven in subsequent experiments. Figure 6 shows a pressure 

response curve 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 pressure 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 sys tern. In •this experiment, tlnee 

·conditions -- a jet 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 pr~ssure were not determined for this experiment. 

The 2.69 MPa (390 psi) stream was directed against the 

sandstone (Figure 7) for 30 seconds and the limestone for 
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60 seconds.. 'i'he slig1 '.: dimple seen in Figure 7 may have been 

made in·the ·sandstone by the jet but no damage was done to the 

lim~stone (Figure 8). The arc was discharged near the sand-

stone five times, and near the limestone six times. No damage 

was visible in .ei th.er .:::ase. In the final portion of the 

e;<periment, the jet we:~; turned on and an arc passed through 

it three times for the sandstone and six t:lmes for the 

·limestone with a jet f1ow of about five seconds per pulse. A 

signifit~nt depression was made in both cases (Figures 7 ind 

8). A!1oth,~;~ run vJr:::: 31\.·de with 12 discharges and !low against 

g(e:,:.:~tr:::. Thi.~ rt!n:rrlf',l :-..1.e surface of granite in an area about 

~:z.r• " . ,,u rr.m Lei diameter. In a final run, the jet flow was dis-· 

six times, resulting in a 

r~nle L3 cc ·in volume .. 

'fhe :i.mpac:t ;_:Jre~~>tiTe in this case was only ~bout 23 :MPa 

t.::;260 J::.si:' "!Hec:~n:5c 0:' the air bubbles in the \vater. With 
. '~ 

deg:assC'.C W<2ter) the v-·essure would be about 123 MPa (17860 

psi}. The pTesqx;,: e ·n~crted here is about the threshold pressure 

for Indiana lim~~~.0nc reported ih the literatue for a 

eff:.ct in a.t\. :; th •.. ~'.lgh a high velocity stream. It should be 

nott:~; .;;;at '., .. : pr ·: 7. 1 ;r~ determina t iof1 Nas made as to \vhich 

f.~f ,_· : ,,. ;esponsible for the rock-removal capability 

r::ltl' '~.'~:~ ,'''· 1..,.; se•.:.:,, 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 r~quired of either system. alone, but in a 

synergistic combination they were successful in removing rock. 

Conclusions and Recommendations 

To date, the analysis and experiments have revealed the 

following: 

1) The arc passes th!ough 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 jet 

stream flow creating water hammer (impact) conditions. 

3) The shock particle velocity· is· probably enh~nced by 

the jet stream velocity. 

4) The jet stream has some effect on the cavitation 

bubble collapse although the magnitude of this. 

eff~ct was not determined. 

5) Rock removal is significantly increased by combi-

nation of the:: two techniques. 

Further experiments must be carried out to quantify Items 3 

and 4. Experiments under bottomhole simulated hydrostatic 

pressures should be conducted to evaluate the system under 

realistic conditions. 
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A jet stream p~s$ing thrqugh the area between the 

ele·ctr~t:l;es·· in Q.n .aitC (".is charge (spark) drilling system appears. 

to have. definite advantages.. No problems were observed that 

wou~d exist under the hydrostatic pressure in a well bore. 

'fhe use of a relatively high velocity jet in combination with 

the ~.pa,rk drilling technique warrants intensified investigation. 
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Fig. 1 Jet nozzle and discharge electrodes 

Fig. 2 Discharge established through jet 
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Fig. 5 Early time pressure pulses measured by 

a pressure transducer embedded in rubber. 
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Fig. 6 Full pressure trace from arc discharge 
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