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- 1 NOZZLE UNIT AND METHOD FOR EXCAVATI NG A HOLE I N
AN OBJECT The invention relates to a nozzle unit for
generating an abrasive jet, which nozzle unit
conprises: - a first nozzle connected to a pressurized
carrier fluid supply; 5 - a mxing chanber in which
the first nozzle discharges;;-.a second nozzle
connected to the m xi ng chanber; and - an abrasive
particle inlet to the mxing chamber. Such a nozzle
UNibzeRR BRIYSAE HafrnexC ayRIERATIRGes ABLENM® AP orJEcT
object. A nozzle unit in accordance with the above is
generally known in the field of abrasive water jet
machi nirfg. ; RYICRS, Q8 288 a5d e MLk Rt "BENI Alatin
typicalﬁy operate at an anbi ent pressure.substﬁﬁﬁgﬁﬂy J
15aaqaebkasbvat jwsphdriict peessairmitTicempaieesjet, which
is_virtya of olids, iS_j % 'qi .
m i gt Eharbaio e calibetR € wekebEhbbied e,
dr ¥lualkr aspyeymaterial is kept at atnospheric pressure
and due _to.the 'e% ur chani.smJd.n_the n xing
chanbe?,mfﬁ%n%dﬂgwlﬁpigg %E%?lc}g% &F3%558 %%einto t he
m xiisghabhageber through the abrasive particle inlet.
In the field of drilling holes.into geological earth
f of mat PORSCORM IRAHS GETETER |t COToT ot ACT UHIERG 7a 20
nozzl eatnabraéite Pparet chenpnEchanithe caribg cis@cbdr
25 drillipng a hole, see for exanple WO 02/34653.
HovieveP iCh RIS (PGRisORR R Y GFEavating a hole
substanthabbyestfferent fromthe field of atnospheric
abrasive jet_machining since the . nbiﬁnt ﬁressure i's
vel | aBob 22t fro¥herifc 36C9r %Wﬁ%gﬁgg'g 8 Prt¥eases
W iganakaUt ylkhewn paf the ABéRd Sof abrasive water jet
machining. Devices for abrasive water jet machining
typically operate at an ambient pressure substantially
equal to atmospheric pressure. The water jet, which is
virtually free of any sclids, is jetted into a mixing
chamber at a pressure of well above 1 kbar. A dry
abrasive material is kept at atmospheric pressure and due
to the jet pump mechanism in the mixing chamber, the
abrasive particles are sucked into the mixing chamber
through the abrasive particle inlet.

In the field of drilling holes into geological earth
formations, an abrasive water jet system including a
nozzle unit with a jet pump mechanism can be used for
drilling a hole, see for example WO 02/34653. However,
the conditions in this field are substantially different
from the field of atmcspheric abrasive jet machining

since the ambient pressure is well above atmospheric
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depth. In the case of the atnospheric abrasive water

jet machining systens, air is sucked into the m xing
chanber 5 together with the abrasive particles. This
air flowinto the nozzle unit my generate cavitation
that can limt the transfer of kinetic energy from

the water jet to the abrasive material. Consequently,
the efficiency of the nozzle unit, which is based on

t hpSekmﬁé | anEnelpeabd s Warsl about S1! bhat t§d bib th®ers
ca tion. Another inportant source of cavitation may
st ﬁ?? om turbulence in and around the jet stream

Pressurg tid uGlseatdonpe BribBephdE byl %iwﬁiét&ér et

include pressures bel ow the vapour pressure of
caPPFlEnINqi S tRMh a3 B6ssuBikgdchn sthQumﬂﬁxnnldmﬁmber

theogserd o taf ﬂH¥5aﬂ¥Q§9bﬁs aﬁegcfa%'tfﬂié”hlf”yya%alﬁto

a desire for a nozzle unit at Is to 1 npart
anthe sl indds s @e@ﬁﬁflateeﬂaylkamm cthaneragy lioit

abr RS Ve, PaFd, gfegcfl% +3% grc‘xelrggr? oi?t‘?é %aﬁ:hegrto jet. to the

consunption rate orasive es so
nozzrasivminateadi dls Weesdewuehthya tha1¢££ﬁcmﬁnny of the

I hol | 0 I
u et PP fait £ ] 33 w3 DR Ent D £ A6 Clioy
91t 129380 ments disigred b&ftheenaylteﬂu@mJOn of

conve zzI uni ts_when
ooy e R Lo e Zn PRSIy, e, fgom
cohsthwidnam iof amdieaouvadunht ﬁhat satdans I?nHSSIﬁ:e

tive eas i ficati on of X1 n
R R T k83 budRete LRy SRR BGpsures
t hhelmmctrlﬂﬁsapldmrj Qired;ls‘vﬁ&ég@lﬂCEhéaquﬂlély fhe gr atdah

decrea 30 . 0of a caV|tat|§n shlggd around the Jet mnth
an%?%% %w%ﬁﬂﬁﬁ?evaﬁg h&eentms SRS

nozwbiel epparat kavitatdeaor dance with the preanbl e for
generagﬂrgé an abda%H%% for a nozzle unit that is able to
impart at an as high as possible efficiency kinetic
energy to abrasive particles at an as low as possible
consumption rate of abrasive particles so that the nozzle
unit can be used within a limited space available in a
typical bore hole in a geoclegical earth formation.
International application WO-A 91/12830 mentions an
efficiency reduction ¢f conventional nozzle units when
applied in increased ambient pressure conditions, and
reports the construction of a nozzle unit that allows for
a relatively easy modification of the mixing chamber
length. This measure corrects the nozzle design for the
increase in jet divergence caused by the gradual decrease
of a cavitation shield around the jet with ambient
pressure.
US patent 4,555,872 describes a nozzle apparatus in

accordance with the preamble for generating an abrasive
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- 3 fluid jet streamhaving material cutting
capabilities for objects at atnospheric pressure. A
first nozzle is provided with an orifice plate of
sapphire, having a cone-shaped orifice of which the
smal | est fl ow opening 5 hase a di aneter of
approximately 0.5 mm (0.020- 8ckR). Herewith an
extrenely high pressure-drop is achievable at a | ow

fl gamukat fet AHAGHNAaR02E ﬁa@@wsnr@aﬂwﬁgt&epafmrﬁtues for
nozzl.e is provided in the formof a tapered f

shapIRGts c%eatr%ﬁsnmff&i? PrESSHEET Bt T3Fol rafp?eﬂ%gmhas
a @irateled wilth Gfn WREQHRIGEY eS8 LrOO6Gd 9{@9
Z

It "has been found that noné of the prior art noz
unicPBenelered r e oifs Wé’éﬁ’&bltéeoﬁm@l%l%ﬁérﬂw ®pening

saphgbagt @ia&u@égla%fvsplp%tox&ha%@myl 5.8 fhotp sz%s%‘ffci-g

surroundi ng such as is“typically encount ered when
dr FEFERgThoie extmegegiohdghc areganra-doepets erafiievable at

ta%‘ R8w ’EF&‘P GRS %e!s%'iéo% ?1_89%&8' aboy | onfdéht' st

that apply accordance wth the 1nven here i3
pr oviedde s pnnmmdedumntth@rfgemeoﬂtangapﬁrednﬁtnwvehaplng

je [ opprises a, first noz
co%ﬁgé?eggfgeﬁﬁl?%%s%?ﬁgégsga???gro??Tﬁ%Pgﬁﬁ%lyﬁigmeter
m rEngpphaminetelry Whﬁchmthe bepbsinchpzzl e dlscharges a

second con 0 the n1x n chanber and
abr asi vgo%a?zr fblec ne%lgﬁf' cﬁi' ScR3Pgi B % ° R Tmidgh EOZZ
charﬂbés dedneridieni bﬂ:oevqar cl[so::bpablef of h@eH\CaSLerS a

segll ar ea t he nozzl e, openi n and the
cross g%%EO%%uﬁ ?gfégeoFE% §8%%nﬁnn%2§%é¥(ﬂﬁﬁﬁ%%§% s
greateounding1smchequahstmyﬁlﬁalapdehcmwﬁtéfuﬁwwhenFor

ScRrEBhBTS ke B0 RE R Epbent RET | SO haat -adiiET

30:LntOSSOSﬂHemaJonaEp&c&falabbhﬁuaﬁpedi\dn’ﬂtgi.tlerrr’s detci on
ofgthf nozzle with the highest restriction, because
th

In accordance with the invention there 1s provided a

nozzle unit for generating an abrasive jet, which nozzle
unit comprises a first nozzle connected to a pressurized
carrier fluid supply, a mixing chamber in which the first
nozzle discharges a second nozzle connected to the mixing
chamber, and an abrasive particle inlet discharging in
the mixing chamber, wherein the proportion of the cross
sectional area of the first nozzle opening and the cross
sectional area of the second nozzle opening is greater
than or equal to 0.50 and lower than 1.

For the purpose of this specification, the cross
sectional area A of a nozzle opening is defined as the
cross sectional area of a flow opening in a section of
the nozzle with the highest restriction, because the
pressure drop at a certain flow rate is largely

determined by the cross sectional area of the smallest
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pressure drop at a certain flowrate is largely
determ ned by the cross sectional area of the small est
- 4 flow opening in a nozzle. The "dianmeter"” D of a
nozzle opening is defined as 2q(A/ic), which in the
case of a circular flowrestriction corresponds to
the width of the flow opentnd§ +n the smallest waist.
5 1t has been found that the larger the cross

seflownidenidgeanod Mdez5€Comgke MOZZdretid r@WORBENRNEokLS1e
conpared to that of the first nozzle, the nore
ab@@%ﬁlw pér dréiead FreedV(8/Bo emzfcax dadthe chsefbbua

fel NG G T8l Fh ﬂféﬁloz‘?ré@fré the width of the

su stantial  anoun netrc ener gy 1%trans erred
frﬁhw Imae}rsmgsﬁ.ne’am creat besbywads first nozzle (the

driV| t" the, e ined .ab rtlc es
Thi s t r ans ﬂs "Gl |€Me€e:hy ?asggg%n\s{‘i%&er 8d°%t Se%tlonal
t hered foﬁzlténecyseoéndi he::nmkczl ﬂlmnlctpeﬂnfng Hes pbmpatédoﬁo

bef we [ and s con nozzl e CrLo

DotUEE LA el e Bhe W ATETNE WS pidsihBPortictas
anmeed tof mbeasryfnmrincﬂes fkow esflithed daerfiekl f1hb& in
spa the.second nqzz] e ca robl e su
ShaFSer B gEn3gre! i Ot entEET At R EaghihBheYoy
apptagaidedviest therPet Sshpéaninte0Rey afy @Ral fyesume
20 availa lLe. It woul d be possihle to aIIO\ga hi gher

rat?o*~% r AFhedS 19PY” Vet S e afidsidiE saPPrepitet o

en@ﬁtldlﬂisﬂ trhes %MﬂlﬁQfolaﬁbe]hrVé@d herealifyaskVeonsidered
particle inle ver, this leads to an undesired

| bR rR g EfgfLF’r%li“"e‘hc?f e R theémedter ai ned f1 uid

CONSUNES thieNBbfo 2Ol BNEh & e e tAigs@r |aY1|dngeb6hdbﬂ<Bzzle
is non-effective for hol e excavating conpared t
siTRPSF SERddRPabrakaet 18 1eweridiAnv dbided 3 Ffetlﬁélvely

abl @sde/ skl 6k eSoraiiibe paELiOME id id¥Guiekd to fill
al | owabl e proport| on between first and second nozzle

cr'ohs RAGS dRafherserond pegzle causing problems to supply

the abrasive particles, in particular in a down-hole
application where thexe is not much operational volume
available. It would be possible to allow a higher ratio
of entrained fluid vexrses abrasive particles to enter
into the mixing chamber via the abrasive particle inlet.
However, this leads to an undesired lowering of
efficiency, because the entrained fluid consumes kinetic
energy out of the driwving jet but is non-effective for
hole excavating compared to a similar amount of kinetic
energy vested in the abrasive particles. Thus, the lower
limit of allcwable proportion between first and second
nozzle cross sectional areas is 0.5,

Cn the other hand, the cross secticnal area of the
second nozzle should always be larger than the area of

the first nozzle, i.e. a proportion of less than 1, in
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30 On the other hand, the cross sectional area of the
second nozzl e shoul d always be larger than the area of
the first nozzle, i.e_ a proportion of less than 1, in
- 5 order to acconmodate at |east sone entrained
abrasives in addition to the high pressure jet

stream Unlike the design ot Bhe nozzle unit described
in WO A 91/12930, the nozzle unit according to the

| NYeakt Ofo drdoimeBhitd 2@d 168 s8CSONEDSH £ 181 UM ves in
and relative flowrates of the carrier fluid, the

abRYLF bR &1 it bl o Pressiirs neb $tEeam. 1t is

bel i eveggh fiRat neObebhigh 22888 hHEz1WZ2 £ Whdcribed in
according to the invéntion has been satisfactory

op¥Pab| &l/HdPIndéhehingtr zdeb et pressdirg tm the invention
at Ll : S e | .
E Rk Gﬂﬂg:ffgd 3 %E@oﬁﬁ{od%rt% %%%Osgégj;;‘r g%‘,rﬁ& f&aiﬁlgr% flow

ars, or even |gher t ha e Nozz
unketes eharhef wagrpan ifdyidy | $hesabradpl ee frarticles, and

appl i I jn..excavat i ng subterranean earth
fo?h%%?%%%fg?lﬁg%ths exceeding a few hundred neters up

to 15I% eiﬂemlilehrbdn@‘lrad;s folrt this reemsdekHhatozzdie unit
52 0o LOROY L OR 3Tl 1800239600 002ZLE. BI85 operanie

sectrona reas in nozzl e ~apparaitus o
4, 668eB87Rigls anlign®. blresBueker dhl yatticshax gir gpoEmbdent

of s._sect i.anal areas.is |lower than 0.9, .so

L oPEREETES e pigRer, FAD Bt PRERDOYT o7f dpfer ignet than
paBo0 chass camchecentlfeaiundd iisnthéeefdow miricardliaaly
fluid, | refecr.ed .enbodi nent of, the invention the
| eRBT P TS Tt SRPOhCRtSE: BN CAFATREL Y T YR CHRaRaR Farth
Su€brmatipdns 2% ldebithd igxicecddaguat féhchuhaerdenaral up to
t he %et iraqk{h% first nozzle, the dianmeter of the jet

| eV G n§='chanber is smaller than the

di anetet f ddarkeaonthatozhkesadpepidifortion of first and

second nozzle cross sectional areas in the nozzle
apparatus of US patent 4,555,872 is only 0.11.

Preferably the said proportion of cross sectional
areas is lower than 0.9, so as to ensure that a
sufficient number of abrasive particles can be entrained
in the flow of carxier fluid.

In a preferred embodiment of the invention the length
in the flow direction of the mixing chamber is such, that
taking into account the divergence of the jet from the
first nozzle, the diameter of the jet leaving the mixing
chamber is smaller than the diameter of the second nozzle
opening.

It has been found that this preference can be more
easily met when the proportion of cross sectional areas
is lower than 0.60. A submerged jet typically has a
divergence of 8°-9°(see “The theory of turbulent jets” by
G.N. Abramovich, MIT press, Massachussetts (1963)). The
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It has been found that this preference can be nore 30
easily net when the proportion of cross sectional
areas is lower than 0.60. A subnerged jet typically
has a divergence of 8-9(see "The theory of turbul ent
jets” by G N Abranovich, MT press, Massachussetts
(1963)). The - 6 Ilength is-def+ned as the distance
between the exit opening of the first nozzle and the

eniéﬁ/%@?%_@ %ﬂEeHhSS 386 08fs Hi7zd eoetm%rﬁ%rev e%a@m ng
is detined as the first point, where the snal

cr%@%&tqfoﬁh@sfw%%mzzlﬁw@ﬁ@mmm@e@ﬂmmf the
' né’@rfgﬂcprhc;zfﬁqel e@ﬂé hetgr%hgpdﬁrlr}%% eJd fa% "t:‘ﬂet Jh.grst

range of 0.8-2.0 tinmes t ter Irst
nopdnet ,opeheineg thehsma et d@50$s:rsemoaf f:usc Parsisemicxi ng

of th ] clese e

t he I§£H1 %b%tgﬁgﬁéﬁ%lgnjg C angn J}iec()u% | mhte\(gg. ln%hlﬁsgﬁas e

t hmmmmg@ert hat i heng erange o O.Fﬁ—aa;éld timeer tha

S0 ol B e S St Do v o

noaleefﬂ:x::raﬂtam&dmgmm that alardwi ve Wdrdtixcles with the

subst ant.i rcul ar_.cross secti I S _gener at 15 In

T eet ot KebBInG| e CRp e e oS e b ke

t hElﬂ\ﬁngih T st hassm@dﬁﬂﬁﬂé@m Sthat aHeang® e@hndbd0
aneter. In an enbodi nent

‘?-R}?ge second nozzl e df-l 9

G, APhandEontiMhol R NeEsRASht ey drg L1ing
arm@:r@seh ?lmrgus\iﬁgtﬂué hgoﬁ?lét%liﬂﬂizicﬁ:oﬁﬁ.rw ther espect
to, the ow directio refera t he eccgentri
di SPVeRteRtt YOe PREZ SR ChRITAB3LS (i\@g‘ln‘ﬁ’oﬁ]@ﬁf:‘ Phth a
t heuskitrAtdidioriebulfe @BHaST ¥ecPRdr Ii?é &géd’éﬁted
Herewith it is constructionall eaS| er to keep

smal | €5t Ydisterdi 6R%S di5 hel bt &isfWehesmnne p&ﬁéﬁrrﬁsdz‘éhat
subsd adripdd Wregdal sésohbendkametes of 4 heddd 9

nozzle, ., while mammzmg t he proportion of the cross
Se%-f]r(br;aqmes the second zzle diameter.

In an embodiment of the inventicn, the second nozzle
is eccentrically arranged relative toc the first nozzle
with respect to the flow direction. Preferably the
eccentric displacement of the seccond nozzle has a
component in the direction of the abrasive particle
inlet. Herewith it is constructionally easier to keep the
smallest dimensions of the abrasives supply opening
substantizlly equal to the diameter of the first nozzle,
while maximizing the proportion of the cross sectional
area of the first nozzle to the second noz:zle.

The eccentric displacement is preferably up to the
situation that part of the first nozzle wall is in l‘ine
with part of the second nozzle wall. In the case of both
a cylindrical first nozzle and a cylindrical second
nozzle the eccentricity E is then equal to half the

difference between the two nozzle diameters.
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area of the first nozzle to the second nozzle. The
eccentric displacenent is preferably up to the
situation that part of the first nozzle wall is in
line 30 with part of the second nozzle wall. In the
case of both a cylindrical first nozzle and a
cylindrical second nozzle theyeccentricity E is then
equal to half the difference between the two nozzle

di ametgf sis 'fu?cthla;t:mbacfef Hféf@ff@& et}PJt.EfaQ:r rl%%stthﬁiér@t of an

| east part of an iInside wal of the first nozzle is
alig$ké;\M&Hi f Fbﬁsﬁlrﬁﬁrﬂoé¥1%nl$rﬁixﬁﬁa&ﬂwltbfatheeast

fﬁ &Péﬁlq shRe2RA87b9di pRAt ééoi ention, the
e anne

uni t CQITpI‘I sSes a su connect ed to
t he ab¥raginy enbgdppenti afethe mtmcrrhe tshepploy z¢hannet

f he [N e an
ToboarE R 3° ouBbI P BRERARPLoleB G0 Trd beaR1YS
ecsepply(1niaiondheyeinothéesuppiygmh&ﬁﬂaﬂ1aﬂnaounds the
provi de A t he, sane ti e 10 S Ie ul d
beﬁs ? ShamPey Y a8t 878 éa%? q&%b&ﬁ abrgglg 1s way
paefft&xenﬂmdshoaansbbsmade|af tm@kecﬁenﬂﬁxm:&a@endihy
he flom1 %ectlon in th

|
LRSS R AR uheE ROt de A Fheu A f4Rer nthe

155ﬁ;_lspglfprmmh ysﬂeﬁlﬁﬁbbssﬁffi@jé@@%l/y afi derald b@slable to
possi This way the plied abrasive ar icle t
L ST P R S E B R LA R
t obldEkdRs. stream generated by the primary nozzle. In
an enb dlnent of the _invention, the aqgle is smal|

than 6 df%ﬂgpﬁﬂl?nﬁéesHﬁFV%?ntWEﬁ1?&? Bigechion in the

neeiﬂ@u}eaihaemes_t BAHNLG, akls advld eths £ eBldeythangeh
than 10. The |nvent|on further relates to a
cohP? REIMATYo 0221 o35l BYEAPTARLE 07 ¥ R ltlo aheossible.

I nyend iy and dupphakat hBPas ey serf i1 SLRAEINNEs large
§Qe§$§§¥b£2’ve1%2§%§z2gkgoﬁgﬁgsﬁgﬁélle1 to the jet stream
generated by the primary nozzle. In an embodiment of the
invention, the angle is smaller than 60°, preferably
smaller than 30°. Due to mechanical constraints, the
angle is typically larger than 10°

The invention further relates to a combination of a
nozzle unit according to the invention and a separation
device for separating magnetical or magnetizable abrasive
particles from a fluid, which separation device comprises
a magnet body for attracting the abrasive particles out
of a fluld flowing along the separation device, and a
support surface at least partially enveloping the magnet
body, and means for transporting attracted abrasive
particles along the support surface to the abrasive
particle inlet of the nozzle unit.

The invention also relates to a method of excavating

a hole into an object, comprising the steps of:
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25 particles froma fluid, which separation device
conprises a nmagnet body for attracting the abrasive
particles out of a fluid flowing along the separation
device, and a support surface at |east partially
envel opi ng the magnet body, and neans for
transporting attracted abrasi 8e-30 particles along the
support surface to the abrasive particle inlet of the

nozzl eatifdriginth@n AYEAS i QB §E§0e£§$6§5¥hé‘%d%l”%bﬁﬁ%lggng
excavating a hole into an obkect conprising th

st BpRopfie umit acgprdingngoak 8b¥%§?ﬂ@#?&n1ﬂ§@b$@&thﬁée,
tool cosmsisiing ad aezglsavenbtetas Bhe ressu ized
i nvention into the hole; - genera an a rastve | et

by c3apbeYi Fepid groesser fizet eazzl@ram Lﬂ@q}'@mgfl rst
nOéELQSEWEiﬁﬁf%Hayé 'Qﬂté %HEaﬁEXEn aéﬁi” &5 1P the

m xi ng charber; i recting t asi've jet into
t he ob?%%ﬁctﬂnﬂ'tbneabnapage oéttimtpsmhﬁndhjeawlon an

ObJeCtF6§ UH£¥%r?Bg8dofot glg cf%iégg ry %%rtppect is

formations err néan ear f or matrons,
andndésst emhe 1nt@udaspngmateky eamtmahkmthQMenlm
fa X Iorat oducti_on, of
hya?g%@é%n g&:%ﬁ% a Q se8F OBJEC 1%51 q*dhgﬂﬁglcement,
operain@nstrell,ooat pdckerematerkal obeta eseldefolr theer
pressure can

B Ba0L A B ED Bt e SO, PSR
| neen¢con e |inbeoreklicogatadibel bev hycatmd @bvexauple

o Sl S SRR o PP RE ORI IR0 MO e e
V|embténtupresﬁmm&|UanteﬁteébeBGUZﬁagsunlt according to
cross LB G o5Pet BT=FHESRo3E! Bt T oRedPa MG L Be
Fighueudatddnn;ﬂomnbyxway-oElgﬂﬁﬁpﬁeSiuumwmihcab@u&ahed to
gr@ﬁe 5@%0m§§%§¥#§ Hrawing, wherein

Figure 1 schematically shows a perspective view of an
embodiment of the nozzle unit according to the invention;

Figure 2 schematically shows a cross sectional view
of the nozzle unit according to Figure 1 along line X-X;

Figure 3 shows a calculated graph setting out nozzle
unit efficiency against ratio of nozzle cross sections;
and

Figure 4 schematically shows a schematic cross
sectional view of an excavating tool comprising the
nozzle unit according to the invention.

In Figure 1 a perspective view of a nozzle unit 1
according to the invention is shown. The nozzle unit 1 is
advantageously manufactured out of tungsten carbide based
materials, for instance similar materials as used for
mixing tubes in the field of abrasive water jet

machining.
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unit efficiency against ratio of nozzle cross

sections; and 25 Figure 4 schematically shows a
schematic cross sectional view of an excavating too
conprising the nozzle unit according to the

invention. In Figure 1 a perspective view of a nozzle
unit 1 according to the invedt+on is shown. The

nozzlie unit 1 is 30 advantageously manufactured out

of tungsé avzeakbudet basadsnaheinpds 2,f Hod RLRIGCof a
simlar materials as used for mxing tubes in the

f i BFES3Rr SAFELGRA: EAVLEt tonkld i e iRte undt fheln
nogahet yon ! thdhagzalei Bhet Rasfon SV WOhaFticle
pressurized carrier fluid to the nozzle unit 1. In
addntebnt - tRragdye| paghiclaascan wadsithe phreisive
'nbﬁitﬂclé“¥ﬁ¥@tv§i9a£t%Eb?§ycﬁﬂaﬁﬁ hﬁﬁﬂ?jﬂpkgﬁhggtéa to
particle inlet via a supplfy channel that i's connecte

t othe¢ hebragizs vupplppiplehl €t A3 ¢en dwn ssersdenFigure 1,
Fi e I r . Jh Lasi Vv
supnyeteR) G oRHIP $agRBHRaL SETAERIC SRSt HTer o
pLBjream]EAzyg]Jﬁém u‘hg_naﬁg(ie an%lpﬁ@féﬁm %%rea&%ahn9o°
the preferr e I nent. as shown In Figure 1 1t 1Is
14@?8 ?%ﬁrﬁﬁﬁ? gga/tdappngetE? R¥REGTHSS Pbrdimentoag
fi gRdwhonz I gairel 1 theignbad?ment, the first nozzle 3
has a_cjrcylar cross section, having _a smallest wai st

di anet XESEIEGr PRYpEAIFAGUFS 2 iRy @ Hg lRadengcad

15£f £66tnddQ%s 35€¢hi oRal ehbowineed, afhAlrirktt R8zzle 3 has
narrowest. flow restriction. The nozzle 3 may have a

nof- C1¥Cthah Crep8sseSkdPPon SR @ Rt Susice ks Wad Sy al

Cr @8smsesH iMN corFlSpdh B8hgNeg zh er owli R halvihe &
m xi ng chaé@éfog, aﬁich n?xing chamnber haéﬂg Feng h

al bhyst terd®@ Beonidiakcfilom afed lofegsumedheenhaeeawehe

exi | ane 7 of
fiog restriction. The nozzle 3 may have a non-circular

cross section instead, such as an oval cross section.
The first nozzle 3 discharges into a mixing
chamber 5, which mixing chamber has a length along its

flow direction of Ly measured between the exit plane 7 of

the first nozzle 3 and the exit plane 8 of the mixing
chamber 5 similar to the definitions given on page 260 of
“Applied fluid dynamics handbook” by R. D. Blevins, 1992
edition Krieger Publishing Company, Florida. The abrasive
particle inlet 4 also discharges into the mixing

chamber 5.

The exit plane 7 of the first nozzle 3 1s defined as
the plane perpendicular to the flow direction located
just at the point where as seen in flow direction through
the nozzle the flow opening widens. Likewise, the exit
plane 8 of the mixing chamber is defined as the plane
perpendicular to the flow direction located just at the

peoint where as seen in flow direction through the mixing
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the first nozzle 3 and the exit plane 8 of the m xing
chanmber 5 simlar to the definitions given on page 260
of "Applied fluid dynam cs handbook"” by R D

Bl evins, 1992 edition Krieger Publishing Conpany,

Fl orida. The abrasive 25 particle inlet 4 also

di scharges into the m xing - dtanber 5. The exit pl ane
7 of the first nozzle 3 is defined as the plane

pechatich £ Wty f1ewt bpehliay dir 2€ti0d hHeahAd rdstslicRlion,
the poi.nt where as seen_in flow direction through 30

t h&"Pho2He GHRHAEH Yithi FeweRkiRNCe indanes©f the sgpend

pl agezBe of, the aMsxhidaehagbensi sodefndefh A8 e BkaNehere
perpendicular to the flow direction | ocated just af
t heS pbintdafidiesd a8 ssdls Phapeol of ridir isaransk sogalens .

M Xi Nty -sebnLharbes hesf LonhopEeLd NG i&]@&uh«&a
maxi numrestriction, and thus coincides w't tﬁe
enthameer g} &e aptlovnetgespndidaokhxeredt, |an smadilgisitawaist

méﬁ@:ﬁ?{@f 3@ drbShRAE AL ot HEEE wi%ezliénggcgﬁi ;ped,an

exit plane of the second nozzle 6. nozzl e

6 EsreonnesdLGelc@ibhalmeiblagdanberap G thedwrsbieam
side thereof, a snallest waist dianeter D2

coftes porrtirigttiona &hdwaopenrihg heviity Lp nfdassiredr bsgween
sectional flow are in_the narrowest fl ow

rea of A2 | .
r eSET T AATD P LT BadRE, 2Kt BARRR 1 M dhte figstweerzle,

10teat sadsd PloaRee8camdyeKhtre P4 afien L id ke dh e osikst
nozzle, the second nozzle 6 may have a non-circul ar

crB3SHI QR tIHH 2SUBR 8Y2AnCEOEF TFOSE e BBE in

t here P £f e r@tboiiReditMeft robukt g2Irend ddwx1027lig @ikrdular
circular having a dianeter D2 15 The second nozzle 6

i SDRRERANtH | HARFeE Beed relative to the first nozzle

3. Th f tri gLty ] glel in .t .

i awi oy o aBEETEL 6 B ¥t e il Hackd Mipcive

hat$é ofe tfiersdi ffogréacé .b&hwesmotiie ¢veemeRirg city is
indicated in the drawing by E. The eccentricity E in this

case equals half of the difference between the two nozzle

diameters (Dp-D7} so that the first and second nozzle

inside walls on the side opposite of the abrasive
particle inlet 4 are aligned with each other.

In operation, a pressurized carrier fluid is supplied
to the nozzle unit 1 through inlet 2 from where it is
jetted through the first nozzle 3 into the mixing
chamber 5 to from a driving jet steam. Abrasive
particles, together with an entrainment fluid, are
entrained by the driving jet which includes entering
through the abrasive particle inlet 4 into the mixing
chamber 5. In the mixing chamber 5 a mix of the driving
jet, the entrainment fluid and the abrasive particles is
formed. The mix i1s then transported through the second

nozzle 6, from where it leaves the nozzle unit 1 in the



10

15

20

25

30

di aneters (D2-D1) so that the first and second nozzle
20 inside walls on the side opposite of the abrasive
particle inlet 4 are aligned with each other. In
operation, a pressurized carrier fluid is supplied to
the nozzle unit 1 through inlet 2 fromwhere it is
jetted through the first nozzle 3 into the m xing 25
chanber 5 to froma driving jet steam Abrasive

pacbicml 68, ak agaidweveniéh .amhenhbahBiREt j&t Ubdh LY @irected
entraLne? %X t.he drivin et which includes entering
h

t hA8agyh*s gty o t%§F§VFEF€t 4 into the mxing

chanbefhén dne tfie ;g Ki/ﬁg?ﬂ@nﬁﬁb}f)éﬁ_@y NERosdn t Be velocity
driving 30 jet, the entrainnent Tluid and the abrasive
papfi thescasridwifimdd Theomgk thethkxing arispirdredreates

t hrqu . Sec . hozzle.6 omwhere it | eaves the
nopD SReb0E SO ROGE LG Ry LRTMMEE Ry (odsdTKiRs' Bheo
Theéhabmasinvg ¢leimbean Tecdaobeattde pgat hsleanmmbjbect Fed
be,excayated. Mhen the rati,o / is properly chosen,
DRaREEr bR dhix PRanBer TR Ehel aorRs AP AT S anget 4
chashether eaitds ah antedf aeti ¥RuSHChE Ofin A iGidd8 i quid.

abrasiyve partjcles into the m xing chanber. The
abr asi VEIPET t3 SPBYSaf IBBBRLFBPT PR ¥ TR ATng

chagbeilatish idrendkkasi M1 PALEECLEchEY Shaded tROALRAS of
with an entrained fluid or an entrained liquid. Figure

3 SABRRIR G Apitc SPERY RS e HEAPP oFobRmet B1r W Iratiedn for

of r8egateivsly ekl cakensy Based ERArbays e first nozzle
conservation of ener using volunetric flow rates

f ot Qinbspehs i SAIERLER %éaFﬁﬂeVoiPﬂ?Hr%%rfﬁ@H1RQ¥§ foify §luid
' . [ .1 ot ic fl
o Ceeb it Ne raafaBR0d TeBULLE) Mrd T e

m Xiagthharbesrsive peatididéecabnhstveéQpar)ti cred ithleetflow rate
(Cpnt%, and the flowrate exiting, the nozzle unit,

QUBEL WY S SoPRdSsHof Bpnt- aRleRnts THE FoPuREL Rio

f Q%réér?t Of AP L3S L PAE Eilﬁsrate of abrasive particles,

Qabrs is part of Qgpt- The entrained mass density is a

function of the density of the carrier fluid (typically
1.2 kg/l), the density of the abrasive particles
(typically 7.4 kg/l for steel shot}, and the volumetric
concentration of abrasiwves in the entrainment flow.

On the horizontal axis is plotted the ratio Ay1/A»

representing ratio of the cross sectional area of the
first nozzle opening and the cross sectional area of the
second nozzle opening and on the vertical axis the
efficiency of the nozzle unit in terms of percentage of
kinetic energy transfer from the jet created by the
primary neozzle to the abrasive particles.

A preferred area W is hatched into the graph. The
area 1is bound by lines 31, 32, 33, and 34, each of which

have been found tc result from a certain limits or
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Qabr, is part of Qent- The entrained nmass density is a
function of the density of the carrier fluid
(typically 20 1.2 kg/1), the density of the abrasive
particles (typically 7.4 kg/i for steel shot), and
the volunetric concentration of abrasives in the
entrainnment flow. On the horik¥dntal axis is plotted
the ratio AI/A2 representing ratio of the cross
secbhenahinteasefodiata?b vfﬂt&ﬁbeﬁ@i&t@n@pﬁﬂl Araidrd Ret

cro s _sectional a sec ozzle openi ng .and
"SEReSchh [ Fa e MendlEacR! ahe, Gt ns Holate oko

ungbonﬁgiéﬁxnhgﬁtnxzaxmgﬁyy% of kinetic energy

transfe fron1th et created by the primary nozzle

to t hePaprRIs difsti dies 3éorﬁpﬁ?§ﬁ’é‘f$e%fla9r opsnsy of
hat chedwhidl ddies amzfemd abGarl hx@ﬂyr}sﬂe&yséalﬂﬁ%o

31, 32, 33, and 34, each of which have been found to

r eShFeln 13 Aipizem SxcavaRing sate that chnsdesiinads to
aspached £ M AR viﬁb&@réééi@ti&{ streamin
down- hol e conditions for “dril oles into a

geol oghing Farep denens ¢he @ﬁfmeg@cm\m&ﬁuﬂ iarea3tratio

T eBeRs P S AR IHEMNAL 1A 1 YL SHA A or o

preferred lower limt necessary t Y a mni m
exmaaadarmira;t—efndiai d:l.&:dﬂﬁ.%ltfieﬁ tnroﬁr@h NE1ed welAll restricts

cal ly. vi abl e eration. Line_32 represents the
ef Hz hY Jz‘é‘i%ﬁéi & &fi §31BeRavR ot! ?J‘?H@' jnggease of
co ol JE%? n, 1
dr? % 5w§U| C|rc f%%%%F%rggght?h% &T:rfg§¥%f€$§°

Q ﬁofmmyl&ﬂ’lﬂﬂo&érfdgﬂgz&l@fe vautiest PAsr@badiderddiCrease
ed to g %3rres nds to | ower area
AE R

L ipgrart el Yok 21 E85T0ER FIPRLY Goldiofeqy
i r‘rpﬁ’a@t'ttmaiutjmlthae GO 1lee phetlicle Shpt Yim dﬁegrsptaltawly

rate, thr h the .abrasi,ve particle inlet i
S ERRLTISTES R BRad N HoRe b TRe iR e Eats
fl batweéd® the mixing chamber and the hole bottom, Qgutr is

the sum of Qent and Qjpn, and an increasing Qgnpt leads to

correspondingly increasing fluid and particle velocities

in the annular stream. It is preferred to maintain Quut
not higher than 150% of Qjn, thus Qent shculd not exceed
50% of Qip-.

In addition tc that, an increase of Qgnt also
requires an increase of Qynr in order to at least

maintain the efficiency of the nozzle unit. Otherwise,
energy from the jet created by the first nozzle is
transferred to drilling fluid instead of abrasive
particles. The more solids the drilling assembly has to
supply to the nozzle unit the more complex the system
becomes. It is preferred to achieve a high efficiency
with an as small as possible supply of entrained

abrasives, Qapr-
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bet ween the m xi ng chanber and the hole bottom Qout,
is the sumof Qent and Q n, and an increasing Qent

| eads to correspondingly increasing fluid and
particle velocities 20 in the annular stream It is
preferred to maintain Qout not higher than 150% of
Qn, thus Qent should not exdsSead 50%of Qn. In
addition to that, an increase of Qent also requires

an i ngATheotaBbrehBofll derhi® Kded @%n22naRi OLAL Nis
the efficiency of the nozzle unit. O herw se, energy

f riomst kegtetatc @bt ed Rynt At the swosizAlime S3 represents
transferred to drilling fluid instead of abrasive

par ¢ &Sl CIPREYnBRE SUS| RdSat RRLIR i Pehaty cads &y kb

t oSt dort @nblRegngzzlie WBHE hPea MU SRR LeX1bhef 108 of
system 30 beconeS. "It is preferred to achieve a high

efd{,ci dnimes Widkhtan38s shawl ths ebiist e ys wersysoh /)
entrai ned abrasives, Qabr - 13 For the sanme reason it

haEoh&abr sufd €haft r QAPE 28 ©0Hlin kefRSRActiy®lat Q n

at the ,nost.. Line 33 represents the efficiency, versus
o on AT o RROF 80 ERnAGE L hETCY GYRR 1% AR T | o

k elpéhaticurc amsieantheacbadot idA%lodt 5603 f Whreeso83a to
33d show the efficiency,versys [ A2 for r =8, 6,,
4, SR o YOG URe r(jfé' g %ay‘?‘@l’fﬁ?fe"esf eﬁﬁegent 18
ef £ 4,04 e0ay S cat i ehay i l%@ h
co%%#%ion Fﬁg?%%oa?%‘gﬁﬁg F§%EF eni?g%%e vgﬁgngf

(1 Pl i lard el adeve vpaesi ched) regrnefarel0 thensuned by

t he, AASI NG JRabE gio%é ivae QEEl‘éﬂ&s of, R tnth8Sned
|nc?udes vol ds, and, tﬁerefgre, the concentration of
abfbgid/ el pdesiscitbani A00ke Bntymierd vHlus fdrs thesyaxinumn
t han, J90Q% yRi.Calysva 0k .t I ;

co%%ént r zﬁaltg\lr?hl g‘%%‘%'mmigﬁgi éstﬂge r ai |lorgjbIBéett\)'\q/eegrr11 F S
15tyyjtadalstetedelshohobuBél Redenbyt ¢4 (4. Mg/ Bpdagdain
gré@ﬁ%ity (7.4 kg/1l) . Lines 34a to 34e correspond to the

conditions that Qzpny = 50, 40, 30, 20, and 10% of Qent:
respectively. It can be seen that the lower the
percentage the lower the efficiency. This is due to the
fact that a higher fraction of the energy vested in Qip
will be transferred to the fluid component of the
entrained volume instead of the abrasive particles.
Generally, the ratio Ay/Ap of the cross sectional
area of the first nozzle opening and the cross sectional
area of the second nozzle opening should be in a range of
0.50 to 1.0, preferably in a range of 0.50 to 0.90 to
allow for higher efficiencles. Efficiencies of 20% or
more are achievable by selecting A1/R2, to be in a range

of 0.50 to 0.80. Most preferably, the area ratio A1/Ay is

selected in a range of 0.50 to 0.60, to also maximally
facilitate the second nozzle to receive a diverged jet

stream.
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density (7.4 kg/1l). Lines 34a to 34e correspond to the
conditions that Qabr = 50, 40, 30, 20, and 10% of

Qent, respectively. It can be seen that the | ower the
percentage the lower the efficiency. This is due to
the 20 fact that a higher fraction of the energy
vested in QGn wll be transfigred to the fluid

conponent of the entrained volune instead of the

abr asittfe RALLLR! 6. thEORPkAS Yondifor Hels® MEE21RTs Hithge

cross sectional area of first nozzle opening a
t hef -3k toelt Pohdamess5Dar e'&h@fletrmatfsétzo@d tbez Becond
openl ouI .be i,n a rang 0.5Q t

pr%‘?’& ef’ arge2oF apy %00% ? £9d G %1m§|s| 8@ for

hi ghery,e ftfh' c;% p£2eaFLhEER ARG Ol O FIBLEo 352 the
achlev el ecting Al e In arang of

0. 68t t® PQ,/&Q iNb8t Spr é.f:era@:sgqnqlheg dre®1/dpi 5 ALTAR. i Bhe
30, sel ected in_a ran 0.50 to, 0.60, to also

AR J1 Dt B8 ng cchupoRi +1?oz]z|3e tigefeDaF vEhe
di yErgag el $hEeallonaldo, Ihe & ength Qfthe m xi ng

I'esS I'narang I mes DI.
The | engf rﬂlo'z%l@fwbEfﬁsSSSQ’E‘dwa.ﬂQZi|c%ﬂQ.%tr @8 di indiquid
range of 4 to 10 times D2. In the preferred enbodlnent
asterowPanticpdar e v2watRe o5 ¢ A5l lingapuds Fhsepressure
(. &fﬁfé%%ﬁ%f%lnGVEﬁ'@%ltglstong§Qle13“is|ﬂﬁﬁi Bl&% Qétween
t he n1X|ng is 1.1 tinmes D1; the ength L2 of
t h0@ eshd (o pare -6 The highpesegpuraieth§irra Iger R¥
be§%pﬂ5§fhé%é§§ré|%5 leuid iﬁ iééﬁ%é’tﬁéﬂﬂnrst nozzle 3,
particularly water or a dr g . The pressure 10
di ¥3 et aths alelghévet ﬁémﬁr@w%zfz etlse inOAANG Eaftty 1
be&f@ﬁﬂ]aﬁgy% aRfle 784 4 Q3F§esgto 3% HRIMWR ekom the

di verges by approxi nate as it leaves the
fi £5¥sthawAzde33 lWPhtilﬁem?—é?-’agl'vléa@%r%l @ﬁ@uéfi t he

nOZ&hs diily LndSr dnt8NcABO¥Eeohdndl Al R.C3RUPE L ebular,
di scharged “fromt
by having the abra51ve particle inlet 4 on one side of

the mixing chamber 5 and the inside walls of the first
and second nozzles on the opposing side in alignment with
each other, it i1s achieved that the flow from the first
nozzle 3 into the second nozzle 6 is optimized.

Figure 4 shows a schematic cross section of an
excavation tool comprising a combination 10 of a nozzle
unit 1, which may be the nozzle unit as shown in
Figures 1 and 2, and a separation device 12 for
magnetically separating abrasive particles from a fluid.
Other than the nozzle unit, the separation device 12 and
the excavation toocl are similar to those disclosed in
International publication WO 02/34653, the content of
which is herewith incorporated by reference.

For this tool the abrasive particles should comprise
or be made of a magnetizakle material, such as steel

shot. The excavating tool 6 is provided with a
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15 first nozzle 3 into the m xi ng chanber 5, should
conpletely enter into the second nozzle 6. In
particular, by having the abrasive particle inlet 4
on one side of the m xing chanber 5 and the inside
wal |l s of the first and second nozzles on the opposing
side in alignment with 20 eacfisather, it is achieved
that the flow fromthe first nozzle 3 into the second

N0Z8hgi bulisn PPt Zethg HIGMHIEL pés§ggw51f SEhenpiyd ¢
cross section of an .excavation tool conprising a
coRBMREPLBRAt 1N ofith gy Inezzdei unit Wvid imlethe t Hor
no ar ﬁ?]ﬂéﬁg‘s {0 Fl QUL 2, and a
seégkgtl?g%& d‘g\% ce 12 '%%Z%%ngg%g?ggaﬁéfgépar ating
abr asi Vee psepdnd wiorf rdgnigef 18i dompOi bes & heagridicc

no it ' deyi ce

o 28u%, 131 ot {EatEP AR Th B odBaPEE ol e 15. mhe
| ntnggnationaddypub? i patemtedDa0RAZEE668¢ fheld diirentetefining
30 [ L s:.herewth Jncorporated eference.. F

t hitggt %gfé%h‘ge zﬁe)e\%%]ﬁ/ieespéjr i%c egugﬁ(x)ﬁf' dsﬁ%‘??’per i%SSe' C}%ﬂe
beimide 6f far rdoredivaljartieiiesi ak, 1scstedsaistierd lower
shat ., The excavati{g t.ool i.s provided with a - 15

end. of. g e§1 : :
| oRgFt Bai WA THER9'hg® Y997 *passage 11 in fluid
comunThatmamet 1d Hdwy N3z abe unbénﬁra{id aldr{}&ie;tuc&.na&or
supplying.the pressyri.z carrier fluid. T
SeBBPAEi Th WY (R P Selabiyggac the Slssyp 15, about
rotaéabéiy{tﬁfjl alng@ttiuajauas.umaﬁ $B$€M£if.ﬂe5l-rrae-%1% 19 are
magnet i 0 . generates a nagnetic fje or ,
re 5Pﬁ?§§g'Viééﬁﬁ%h§ﬁvgmp&ﬁtigP@sm%ﬂn?%%3§ﬁ§bbﬁ§ contains
sl pevecdd. bats dmligicrbssed abpAstye PREId Wi8%dgth and
Iogaigd it the lower . end of the support sleeve 15. 10
Tha®nmhg

feth B PoRt FLIH Ve lyeAPY P2l (disdsl sSrength.
18pasdetsbIp! aftab e ditdtald ¥edyo18hes skeaval 13y abthck of

thgngggiégglléﬁgifégﬂﬂggneigagbcésésEﬁé;@%iﬁiﬂ?%m}g are
International application PCT/EP2004/051407 of which
application priority is presently claimed and which is
hereby incorporated by reference.

The second nozzle 6 is arranged above an optional
foot part 14, and is inclined relative to the
longitudinai direction of the excavation tool 10 at an
inclination angle of 15~30° relative that direction, but
other angles can be used. Preferably the inclination
angle is about 21°, which is optimal for abrasively
eroding the bottom of the bore hole 17 by axially
rotating the complete excavation tool 10 about its
longitudinal direction inside the bore hole 17,

Further details on various parts of the abrasive
particle recirculation system and excavating tool can be
found in International application PCT/EP2004/051407,

already mentioned above.
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provided to drive shaft 18. The magnetic body 13
contains helical bands of increased nagnetic field
strength and 15 helical bands of relatively | ow
magnetic field strength. Preferably, the nagnetic
body 13 is forned by a stack of individual smaller
magnets such as described i-n1l6él aternationa
appl i cati on PCT/ EP2004/ 051407 of which application

priorifry obsrit e&eNt tieCbabape anf tMYI1Ch ol %o2Rsheseby
i ncor por at ed bg reference. The second nozzle 6 is
ar#%ﬁiﬁﬂf aEB@e'ﬁﬁa8BFF8HaF°°*o%9 Irgongctgddtpsthe lower

I nedd ned hel ative EQrEHS (hOP Uik Ateh nalh & E.%CEhQEerfed into

the excavation tool 10 at an _inclination angle of
15t180 hazedeileel T hathei peessonizeditcamrigméiuadgies can

bes&’gig\ﬁjledp ;. Gf ‘Eﬁé‘bf}Santh' Qcawﬁir@ f.mgi %h'a% agoaﬁmped

I's optimal for abrasively erodingt
boeY cin Bfitehdehpimephdhet 17hown bxi e yﬂrnfldt &fcmggt aed the

coppl aijo o] O, oRgiI
d|re6§¥§m%ég§¥d%ttﬁ o?gého?gg%%.d ur?%gﬁHg ?3& ing,
orrtlvsardmdsllpar fiubhf nhepabva@e@enlq)‘arat isslad 1 amount of
g ti m and excavating tool can be found
%?%% ?gn§¥ﬁ%%pllcatlon PCT/ EP2004/ 051407,
alread¥smmpﬂabmeﬂ above, th&Gflistcnnazﬂa Gn;stheranged

exe vatl t ogl rks as,, vation.

t o0t lidilsogoﬁﬁ§%Fe8 6 the'T omer end¥H% %ﬁ%% 8%#? 18
stpregerthehishodn) vebathesacosketaidiomtaf thleedodidhoge
17.. The pressurized carrier fluid is 5 supplied in the
fo?H%%f adrilling fluid that is punped by a suitable

punp (Thet dzhonmg fFheidr ELbwstthingagmdHehaixfihgi dhamber 5

PRER% i apToa 5 BTE S, BB 1 R AR e

alassivAl epabtoher0.18iA8] expeauskby o \excaviaeibnr sbol is

no:.ggtl_aetesd Ia%oa ra geq.ongltudlnal axis. A return stream of
drilling fluid and abrasive particles flows from the
borehole bottom 20 through the annulus between the
borehole 17 and the excavation tool, thereby passing
along the support sleeve 15.

Simultaneously with pumping of the stream of drilling
fluid, the magnet 13 is rotated about its shaft 18. The
magnet 13 induces a magnetic field exﬁending to and
beyond the outer surface of the support sleeve 15. As the
return stream passes along the support sleeve 15, the
abrasive particles in the stream are separated out from
the stream by the magnetic forces from the magnet 13
which attract the abrasive particles onto the outer
surface of the support sleeve 15.

The stream of drilling fluid, which is now
substantially free from abrasive magnetic particles,

flows further through the bore hole to the pump at
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with a flowrestriction, over which a pressure drop is
present which drives the acceleration of the drilling
fluid. The drilling fluid flows through the m xi ng
chanber 5 15 into the second nozzle 6, and is jetted
agai nst the borehole bottom 20. Sinultaneously the
excavation tool is rotated-abbut its |ongitudina
axis. Areturn streamof drilling fluid and abrasive

pasti£des dh@Wbs fFore i dbenehabeulRt $RM @ﬂltlh YR g
t he_annul us between the 20 _borehole 17 and t

exBEEeY i BRGR , oF Hdteuiridds shhbingfong t he support
sl eeverdd ma'igﬁ@&i@ma%we%hmw@b N0l i A oif Rgam

of drilling fluid, the magnet 13 Is rotated about its
sharpPaEt smefacmghetates athdacssdataugnas i the ineldcal band

exhepdi gtl{évﬁﬂihgssc fat%vgg{écwch%lgyaerDﬁgféé%ﬂuq%eof the

support- sl ee refurn $tream passes a
t hdaguppokd, sirdvihe Sielial bbndsi o€ pagmlandaslqm malgaetlc

st t he

mEar SRR She HprabdTe bISCIEIBE I tolted e
abfaklae apahet:lxzd:ae]slmrdawmdaedombeemeﬁ)tsallcﬁrag:e:lm‘ stdp@ort
SUPPOLYe ;hﬁeve 15. The streamof drilling fluid, which

is now substantially free from abrasive magnetic
part i AAshe fpamtsi dlerst arrivier atghhé h@bbmﬁrdnq:lae:th@ltehe

UBLEL 4 A SR S PR S
magn:est cncode s | ¥ el rpay tHhed Gﬁ.xliﬁtgacheﬂb@fl 3 hfga:s-ummn:hlns
Pabt BT 1T GO Poict (B oPy of RS ERESTHS GYhoriogr a=e

ng eti e f

t hegahgnpit tled apdiddte thel bogkhbasdsobtomi h aard | ow

fof BBt TePty B | b Bl TRAFF, SHRRAGPE HOVSHINCTR ong
thBoﬁéﬁﬁKHtl?. The cycle is then repeated continuously.

In order to enhance the downward transport of the
abrasive particles along the support sleeve 15, the
support sleeve 15 may by slightly tapered to that its
diameter at its lower end is smaller than at its upper
end. A short tapered section 21 may be provided at the
lower end of magnet 13 whereby the support sleeve 15 is
provided with a corresponding conical taper in a manner
that the inlet 4 for abrasive particles provides fluid
communicatibn between the support surface 15 surrounding
the tapered section 21 and the mixing chamber 5.

The conical taper is best based on the same angle as
the above—discussed inclination angle of the second
nozzle 6.

The support sleeve 15 as shown in Figure 4 is
provided with a helically extending guide plates 24a and
24b protruding outwardly from the surface of the support

sleeve 15. This guildes the abrasive particles on their
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sl eeve 15. 10 As the particles arrive at the abrasive
particle inlet 4, the streamof drilling fluid
flowng fromthe first nozzle 3 into the m xing
chanber 5 again entrains the abrasive particles.
Thus, the abrasive particles are again jetted agai nst
t he borehol e bottom 20 and 15 gubsequently flow in
upward direction through the borehole 17. The cycle

' Sw£ etﬁ]od}x‘?%g A £ ﬂ@tédﬂﬁ%%%' )éleelré‘ P5 defnd uoRmliange

he downward transport he abrasive particles along
thér@@m@rtt v@hwetn@f ttlhé abuppbye Bawelaless igajnpyeased

LAY AR dnd ¥ phEri B S RN ol Bhete
sebom@ntmmw}y el pr Rrededabliyt hehe | dniklieg fdﬁlmagnet
e SpHEELEDY | N0a S DU AAUEE B 1 Do s e R OB AMLER Gsen

resp i'ng~conic
i ntlee QuﬁpﬂrﬁﬂﬂlﬁmvwelﬁamBlChesgpi@elp&ﬁiéﬂlﬂe@lﬁﬁlng the

connunic tion, 0 surface 15

surFothd %ggujﬁg eei’segﬁg F’Bo%aal and the m xing
chanbeke ferritey (Hlj‘dmﬂltd anenresa bezstmimsaﬁcnratt:hecﬁaﬁe
anﬂlﬁ af the ab ve i scussed i.nclination_.angl.e,of the
sekd™y 1H

o IRF Th& Sl §flt 2d) RERAL 1S TUHBEN i n
Fi g]:m@’oe;lr4 i h %ﬂ@vs:gﬁd oM &heamhﬁhh@ad:h%t}'llﬁ%% Q"J’p‘fﬂid%gtgutéethe
pl at es a an protr outwardly fr
P ShERalvs B LT GO, oL B RS Gl e g1
ab1 aséy et Padirh CfBsn Athd h@wbr- eh8 2Vayf derve naigeﬁg tbethis
SEggort sl eeve 15. The downward transport EgﬁfClt% oge

BT BEF \RE Bar tz?sclaesrﬁsélltmcFBﬁs%ﬂlgn‘? 1§ He

pl 8y esndritalerfdgadd isppuahleal 1h9i d8ethéd aRgiindgdichaber 5.
axis, Preferably, the drllllnghfIU|d 5, passage 11 can

be™BiB\REAIEI9E | DS tihe MATDESAEaRPTIFITE RATEISUEoFED
sl es¥e dBaias (Ao urie 1RhRlkeanlepE aEhdOsldidrt surface 15

towards the magnetic attractor body 16, thereby crossing
the jet that is discharged from the first nozzle 3. The
particles in these chains thereby interact with the
stream of drilling fluid passing through the mixing
chamber 5, and thus the entrainment of these particles in
the drilling fluid will be enhanced. .

Suitable magnets can be made from any highly
magnetisable material, including NdFeB, SmCo and

AlNiCo-5, or a combination thereof. Preferably the magnet
alsc has a magnetic energy content of at least 140 kJ /m3

at room temperature, preferably more than 300 kJ/m3 at
room temperature such as is the case with NdFeB-based
magnets.

The sleeve 15 and the drilling fluid passage 11 are
best made of a non-magnetic material. Super alloys,
including high-strength corrosion resistant non-magnetic

Ni-Cr alloys, in particular a Ni-Cr alloy available under
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separate gui de plates 24a and 24b. Referring again to
Figure 4, a nmagnetic attractor body 16 is preferably
provi ded adj acent the m xing 10 chanber on the side of
the m xi ng chanber opposite to the abrasive particle
inlet 4. This causes magnetic field lines to run from
the |l ower end 21 of the magreilgte this nmagnetic body.
As a result, the nagnetic field fromthe cylindrical
MagREt nire PUhESRe i TFi gle Hdie BekhNgoGha ™8 e pakt i BhSir1y
achi eves that the magnetl c abrasive particl es can

f oPHLERRIFs fromthe | ower end of the support surface

15 't 8al @i mBOES 3650k oD I

cr oss?ﬁ%smt he jet that %s%%scﬁgrggdel?%(oén%%ﬁ? Sb%éml
no2¥eedBverrhen e t¥elkwying thbde.chai ns t hereby
interact wwth the 20 streamof drilling fluid passing
through the m xing chanber 5, and thus the

ent Parhmerme of t hese particles iRefetﬂwcxér I'1i%vged | uild
wi || be enhanced. Suitable rragnetgm%\n made from
any highly magneti sable materia |nc1:ud ng NdFeB.
Srr:bu’aemi aﬁan@éN.ﬁoaﬁ fcm“t q:amrrbl nat Lon theredB. mm

Pr uI, € so—has—a—-Arpghretit ﬂneJ-g%—é-—
con%’éﬁ? o#e’é?b’?e%gtmﬁw‘tk\]/we at room t ehpet2d

pr ebetablyi ameeet hoh difhdeJ/ nBat  1T90m T ENPeBakHr €
su se with NdEeBlbhased —maahets. 30 The

gh—as—isthe-ca g
s| BBYAMOES T iR HWSR iRATth @ | uid padBage [L1 afeMMped
rradgug@o& nehrf@eneti c material. Super al|oys,

in udi ng high-qtrpngth carrosiion resi st apt
nohPHEBHERT c10 NIPRSE R4y L i n|partieul ar| a R2-@m

al | g¥ppy@t | abl-gasnder 19  the nanme Incone|-718, have:
bekn If)ound to be particularly [suitable, [ypical

di nensions relating to the excavating tool are given

in tf“%ﬁé”éﬁ?%é&kéfﬁﬁf%icles have a specific gravity (in
the case of steel shot or steel grit particles: 7-8 SG),

~—+

which is substantially higher than the typical specific
gravity of the drilling fluid (0,8-2.3 SG). This improves
the situation that a relatively small volumetric
entrainment rate of abrasive material is sufficient for a

substantial kinetic energy transfer.
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Part nanme Reference Size nunber CQuter dianeter of
foot part 14 73 mm Axial |length of magnet 13 120 nm
Quter dianmeter of nmagnet 13 29 mm D aneter in | ower
part of 15 34 mm support surface Dianmeter in upper
part of 15 52 mm support surface 5 The abrasive
particles have a specific gravity (in the case of
steel shot or steel grit ticles: 7-8 SG, whichis
substantially higher than the typical specific -
gravity of the drilling fluid (0,8-2.3 SG. This
inproves the situation that a relatively smal

volumetric 10 entrainnentSLgizkE;gigrasive material is
sufficient for a substantd i Cc energy transfer
20 CLAI MS 1. Nozzle unit for generating an
abrasive jet, whjch_ nozzle it co [ : -.a finst
nozzl-e g@ﬁﬁ%%t%RF?cﬁ?f;ﬁ%ﬁﬁﬁﬁiﬁfgda%a r{%§§k?lqﬁ%i Witeh
supplgz1ehighcf tespriozgd e in a section thereof 5
with its highest restriction defines ' ‘
opeﬁingahgﬁgﬁﬁ %9%?% SF%ﬁﬁﬁHES%a%Oage%£§§%&§E%g%ﬁ%%é%fer
chamherd supbileh thech itstsnorzkzée Hisghaegeben -thereof
second.nozzl e connected 1o 1. L%k chapbers J4&z1
ohi o BRATHEETRE TEEL Bl BeEiRls CaaEELe ke
hi ghesiningeatwioyi ancdeds res-tdospedondenokri e opening
having a cross sectional area P-%; gnd £ an, [asive
parti cl @ MAKERIAFRERRATEI HYy Wi PhERi XThY™ Rhahber;
discharges;
- a sacond nozzle connected to the mixing chamber,
which second nozzle in a section thereef with its highest
restriction defines a second nozzle opening having a

cross sectional area Rp; and

- an abrasive particle inlet discharging in the mixing
chamber;
wherein the ratio A1/A; is greater than or egqual to §.5C

and lower than 1, wherein the first nozzle has an lnside
wall aligned with an inside wall of the mixing chambar.
2. Nozzle unit according teo claim 1, wherein the length
in flow direction of the mixing chamber is such, that
taking into account the divergence of the jat to be
discharged from the first nozzle, the dlameter of the jet
leaving the mizing chamber is smaller than the diameter
of the second nozzle opening.

3. Nozzle unit acceording to claim 1 or 2, wherein the
length in flow direction of the mixing chamber 1s in the
range of 0.8-2.0 times the diameter of the first nozzle
opening.

4., Nozzle unit according to any of the preceding claims,
wherein the length in flow direction of the second nozzle

is in the range of 4-10 times the second nozzle diameter.

AMENDED SHEET
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15 wherein the ratio AI/A2 is greater than or equal to
0.50 and lower than 1, wherein the first nozzle has
an inside wall aligned with an inside wall of the

m xi ng chanmber. 2. Nozzle unit according to claim1,
wherein the length in flow direction of the m xing
chanber is such, that 20 taki pg Lnto account the

di vergence of the jet to be discharged fromthe first
nozgl e,n IRt j et ' } X ;
chaﬁber c_iusﬁsérjral | er g{; ﬁg%d%lﬁg %‘?aanr%& g)?\”tgg #Egcﬁi%ﬂgﬂalms’
noz#pereberfilify segonfdongralenis ercamtdiinglly atmdmged or
2, it 5 el th.l | ow direction of the
nix%é%%c:ihﬁégaﬁ%§ Fﬁ%?EeHO#%%%é of 0.8-2.0 tines the
di abret dfozdle haifti astondinzg eto operiin§, %heNedrzltchaini t
acc [ i f. the, precedi ng clains erein the
I eng%%éﬂ{pﬁmffoc\?vi%l%gg FBF} 3 i sgeé:co dn%ﬁ%a%@ i's

i N téreporearge iof thel@irectrbsn td® tdeceabdapozél particle
dianeiﬁr. AMENDED SHEET - 21 5. Nozzle unit

accor g to any of the preceding clains, wherein the
scﬁcb?d Nzl ee uirﬁtegeetdiix;ﬁjﬂﬁcy carariangegr 6£l xﬂiél’i%é%i.ri @t
the, first nqzzle. 6., Npozzle unit_according to c]aimb5,
WhS BT R E PR BReAPPLES dHabt dferrdift ToFSE hes wekoric
nozzl fgreas WA ticQRPeaast part her did aelkias P11 hes the
abrasive particle inlet. 7. Nozzle unit according to

cl AFFFPDME 2 fherein at  least part of an inside wall

of 8 he HdASle MPEZ| acksradfly ald 3ARd off the dpré@asindPdtains,

of an inside wall of the second nozzle. 8. Nozzle

uni FRICGH A G CHPRAY SRaRIRL FANEAtRG EPaFi®, abrasive

CONPpSI V0L Al PRk reianaed Sa8ciednhelt ber AALARR WGe

SURRL Y ng" Slampart by On' BSgtehs YLee Than THGFOunds the
9. Nozzle unit according to any of the preceding claims,
comprising a supply channel connected to the abrasive
supply inlet, wherein the included angle between the flow
direction in the supply channel and an axis along the
flow direction of the primary nozzle, is smaller than
60°.
10. Combination of a nozzle unit according to any of the
preceding claims and a separation device for separating
magnetical or magnetizable abrasive particles from a
fluid, which separation device comprises a magnet body
for attracting the abrasive particles out of a fluid
flowing along the separation device, and a support
surface at least partially enveloping the magnet body,
and means for transporting attracted abrasive particles
along the support surface to the abrasive particle inlet
of the nozzle unit.
11. Method of excavating a hole into an object,

comprising the steps of:



15 m xi ng chanber by an angle of l[ess than 180. 9.
Nozzl e unit according to any of the precedi ng clains,
conprising a supply channel connected to the abrasive
supply inlet, wherein the included angl e between the
flow direction in the supply channel and an axis
along the 20 flow direction aofy the primary nozzle, is
smal l er than 60. 10. Conbination of a nozzle unit
according to any of the preceding clainms and a

separ ahk@ﬂn&fﬂ%% fra3eRar 3kt n&(cm&%y ¢2b10komprising
magneti zabl e abrasive partiCles froma 25 fluid, ﬁhlc
sepangerdn deit caceudimos&e anveghathehadypimsod-9 into the
at%kggging the abrasive particles out of a fluid

flom ng along the separation device, and a support

sur-f acgenerabing gartiralsiyeenee| lpi nppllyd ngagnpre boayi zed

an Lk orti,ng.attracted abr.asive .
par??%ﬁ%% ggﬁﬁédﬁgﬁﬁwﬁaéﬁﬁ%ﬁobézéﬁﬁf%ﬁ: %?qﬁﬁggéﬁﬁasive
pambirasdévenpetticied Nmtrorhkeemiming dhibmblet;haddof

excavat,,n .hole into _an _object Cc risi.ng,the

st eps 811‘?g99§%g tj\rﬁ' fﬁ’d‘.iaﬁdjvﬁn %(Bria&ﬁc{/g:ﬁ%ef’ Q?gg\mti ng
tool conprising a nozzle unit according to any of the
claims 1-9 into the hole; - generating an abrasive
jet by supplying a pressurized 5 carrier fluid to the
first nozzle and discharging abrasive particles into
the m xi ng chanber; and - directing the abrasive jet
into the object.



