Office de la Proprieté Canadian CA 2742060 C 2013/09/10
Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 742 060
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C

(22) Date de depot/Filing Date: 2011/05/31
(41) Mise a la disp. pub./Open to Public Insp.: 2012/11/30
(45) Date de délivrance/lssue Date: 2013/09/10

(51) Cl.Int./Int.Cl. BO5E 71/08 (2006.01)

(72) Inventeur/Inventor:
VIJAY, MOHAN, CA

(73) Proprietaire/Owner:
VLN ADVANCED TECHNOLOGIES INC., CA

(74) Agent: GOWLING LAFLEUR HENDERSON LLP

(54) Titre : BUSE A ECOULEMENT INVERSE PRODUISANT DES JETS PULSES OU PAR CAVITATION
(54) Title: REVERSE-FLOW NOZZLE FOR GENERATING CAVITATING OR PULSED JETS

(57) Abrégée/Abstract:

A reverse-flow nozzle generates a cavitating and/or pulsed jet of pressurized liquid. The nozzle includes a body having an inlet for
recelving a stream of liguid and a main channel through the body extending from the inlet to an outlet. A flow-reversing channel In

12
14
] 10
26a 24a
26 24
16 7//7 ; 20
34a % : 342
30 /// ‘ / 32
28a— r,/j. o7y e A 594
34 > ﬁ e / ‘I 24
0 //4..‘:'7474 iy 29
/%&4 ?lr..// Y §
k-
28 36 18 36 22

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C

OPIC - C]

PO 191

..........

SRS ER VNN
" -'h;;’:.‘ ;\:Ik{; .% Shaa L\\

ey
uuuuu
ooooo

e /[ |

SN 777
Ly CIPO

P lh‘\Q\:.y* ' ‘-'\-5213.'-&3
4
3




CA 2742060 C 2013/09/10

anen 2 (42 060
13) C

(57) Abrege(suite)/Abstract(continued):

the nozzle diverts a portion of the liquid from the main channel to a point downstream of a mixing chamber. The channel returns the
diverted liguid back into the mixing chamber as a reverse- flow jet relative to a main stream of liquid flowing toward the outlet. This
reverse-flow jet interacts with the main stream to generate the cavitating jet that discharges from the outlet. By angling the reverse-
flow Jet relative to the main stream, a naturally pulsed jet may be generated.
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ABSTRACT

A reverse-tlow nozzle generates a cavitating and/or pulsed jet of pressurized liquid. The
nozzle includes a body having an inlet for receiving a stream of liquid and a main channel through

the body extending from the inlet to an outlet. A flow-reversing channel in the nozzle diverts a
portion of the liquid from the main channel to a point downstream of a mixing chamber. The
channel returns the diverted liquid back into the mixing chamber as a reverse-flow jet relative to a
main stream of liquid flowing toward the outlet. This reverse-flow jet interacts with the main

stream to generate the cavitating jet that discharges from the outlet. By angling the reverse-flow

jet relative to the main stream, a naturally pulsed jet may be generated.
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REVERSE-FLOW NOZZLE FOR GENERATING CAVITATING OR PULSED JETS

TECHNICAL FIELD

[0001] The present invention relates generally to nozzles and, in particular, to nozzles for

generating cavitating or pulsed jets.

BACKGROUND

[0002] Cavitating jet generating devices have been known and documented in the technical
literature. A number of patents have also issued pertaining to various cavitating jet systems. U.S.
Patents 5,217,163; 5,154,347; 5,125,582; and 5,086,974 are examples of technologies already
known in the art. Cavitation has been known as a deleterious factor, for example, in the marine
industry where it may severely damage propellers and other underwater components of ships.
When cavitation bubbles collapse on a surface, the collapsing bubbles produce very high-speed
micro-jets which are responsible for the damage to the surface by erosion. The same erosive power
of cavitation is beneficial when used in certain applications, for example fragmenting ore-bearing
hard rocks in the mining industry or removing solid particles from a substrate, to name but a few
possible applications.

[0003] Known cavitating waterjet systems only produce effective high-speed cavitating jets
when submerged. When a high-speed continuous waterjet is fully submerged in quiescent water,
shear layers develop in the mixing zone of the jet and the still water. These shear layers produce
vortices which give rise to cavitation bubbles (containing water vapor, not air) in the high-speed
waterjet. Prior-art cavitating jets in air usually experience a loss of cavitating power due to a partial
collapse of the vapor bubbles present in the cavitating jet after it leaves the nozzle. Because so
much power 1s lost before it reaches the target object, the cavitating action on the surface of the
target object is undesirably low.

[0004] High-pressure non-cavitating jets can be used in the applications mentioned above
(fragmenting, surface cleaning, etc.); it is known, however, that a cavitating jet can achieve the
same erosive effect as a non-cavitating jet using considerably less pressure and hydraulic power.
Theretfore, employing cavitating jets can not only reduce the costs but also enhance operational

safety.

[0005] It 1s possible to generate a cavitating jet in air by artificially submerging a
continuous waterjet (R. Houlston and G.W Vickers, Surface Cleaning Using Water-Jet Cavitation
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and Droplet Erosion. Proc. 4™ Int. Symp. on Jet Cutting Technology, 1978, paper H1, pp. Hl-

1/H1-18). However, this system is relatively complex as it necessitates two separate sources of
flud.

[0006] Applicant published a study of a nozzle device for generating cavitating or pulsed
water jets (M. M. Vijay, R. J. Puchala and N. Paquette, Study of a Novel Device for Generating
Cavitating and Pulsed Water Jets, Proc. 13" International Conference on Jetting Technology,
Sardinia, Italy, 29-31 October 1996, BHR Group Limited). The elementary reverse-flow nozzle
was also disclosed in a further publication (M. M. Vijay, C. Bai, W. Yan and A. Tieu, “Reverse
flow nozzle generating natural cavitating or pulsed water-jets — Basic Study and Applications”,
Jetting Technology, pp. 243-252, BHR Group (2000). The reverse-flow nozzles disclosed in these
publications utilized a continuous jet inlet and distinct lateral inlets for the reverse jet and the
shroud jet. The nozzle design was thus complex as it required separate lateral inlets for the reverse

jet and shroud jet. A simpler, more efficient, more practical and more cost-effective reverse-flow

nozzle thus remained highly desirable. A solution to this technical problem is disclosed herein.

SUMMARY

[0007] The embodiments of the present invention provide an innovative nozzle and method
for generating cavitating or pulsed jets of liquid, for example water, wherein the jets can be
produced 1n an open atmosphere, without the need for submersion.

[0008] The embodiments of the present invention also provide an innovative nozzle and
method for generating cavitating jets of liquid wherein the jets retain, when reaching the target, a
significant fraction of the cavitating bubbles initially present when discharged from the nozzle.
[0009] Accordingly, one aspect of the present invention is a nozzle for generating a
cavitating jet of pressurized liquid by generating cavitating vapor bubbles in a pressurized stream of
the liquid supplied to the nozzle from a source of the pressurized liquid. This nozzle for

generating a cavitating jet of pressurized liquid includes a main channel extending through the body
of the nozzle. The main channel has a main inlet for receiving the pressurized liquid and a main
outlet for discharging the pressurized liquid from the nozzle. The main channel includes a mixing
chamber disposed between the inlet and the outlet. The nozzle also includes a flow-reversing
channel having a first liquid-diverting inlet for diverting a portion of the pressurized liquid from a
main stream flowing through the main channel. The flow-reversing channel includes a reverse-

flow outlet connected to the mixing chamber for discharging a reverse flow of pressurized liquid
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into the mixing chamber. The reverse flow creates shear forces between the main stream and the
reverse flow which generate cavitating bubbles in the main stream of pressurized liquid in the
mixing chamber. This generates the cavitating jet. = The nozzle further includes a shroud-
generating channel having a second liquid-diverting inlet for receiving pressurized liquid from the
mixing chamber and a shroud-jet outlet disposed radially outwardly of the main outlet of the main
channel. The shroud-jet outlet discharges an annular shroud jet that enshrouds the cavitating jet
discharging from the main outlet.

[0010] Another aspect of the present invention 1s a nozzle for generating a naturally pulsed
jet of pressurized liquid. The nozzle has a body comprising a main channel extending through the
body. The main channel has an inlet for receiving the pressurized liquid and an outlet for
discharging the pressurized liquid from the nozzle. The main channel includes a mixing chamber
disposed between the inlet and the outlet. The nozzle also includes a flow-reversing channel
having a first liquid-diverting inlet for diverting a portion of the pressurized liquid from a main
stream flowing through the main channel and a reverse-flow outlet connected to the mixing
chamber for discharging an angled reverse flow of pressurized liquid into the mixing chamber at an
angle relative to the main stream to thereby intermittently interrupt the main stream, thereby
generating the naturally pulsed jet. The nozzle further includes a shroud-generating channel having
a second liquid-diverting inlet for receiving pressurized liquid from the mixing chamber and a
shroud-jet outlet disposed radially outwardly of the main outlet of the main channel, the shroud-jet
outlet discharging an annular shroud jet that enshrouds the pulsed jet discharged from the main

outlet.
[0011] Yet another aspect of the present invention 1s a reverse-flow cavitation nozzle for

generating a cavitating jet of pressurized liquid. The nozzle includes a nozzle body having a main

inlet for receiving a stream of the pressurized liquid, a main channel extending through the nozzle
body from the main inlet to a main outlet, and a flow-reversing channel in fluid communication
with the main channel at a point upstream of a mixing chamber. This channel diverts into the flow-

reversing channel a diverted portion of the liquid from the main channel and returns the diverted

liquid to the mixing chamber as a reverse-flow jet relative to a main stream of liquid flowing

toward the outlet. The reverse-flow jet interacts with the main stream to generate the cavitating jet

that discharges from the main outlet.

[0012] Yet another aspect of the present invention is a reverse-flow nozzle for generating a

naturally pulsed jet of pressurized liquid. The nozzle includes a nozzle body having a main inlet for
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receiving a stream of the pressurized liquid, a main channel extending through the nozzle body
from the main inlet to a main outlet, and a flow-reversing channel in fluid communication with the
main channel at a point upstream of a mixing chamber for diverting into the flow-reversing channel
a diverted portion of the liquid from the main channel and for returning the diverted liquid to the
mixing chamber as a reverse-flow jet that is both reversed and angled relative to a main stream of
liquid flowing toward the outlet. The reverse-flow jet intermittently interrupts the main stream to

generate the naturally pulsed jet that discharges from the main outlet.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Further features and advantages of the present invention will become apparent from
the following detailed description, taken in combination with the appended drawings, in which:
[0014] Fig. 1 is a cross-sectional view of a nozzle in accordance with an embodiment of the
present invention;

[0015] Fig. 2 is an enlarged cross-sectional view of the nozzle of Fig. 1, schematically
depicting flow patterns inside the nozzle;

[0016] Fig. 3 is a cross-sectional view of another nozzle in accordance with another

embodiment of the present invention;

[0017] Fig. 4 is a cross-sectional assembly view of the nozzle of Fig. 3;

[0018] Fig. 5 is an assembly view of the nozzle of Fig. 3; and

[0019] Fig. 6 1s a view of the assembled nozzle of Fig. 3.

DETAILED DESCRIPTION

[0020] In general, the nozzles disclosed herein create an internal reverse tlow to generate a

cavitating jet, a naturally pulsed jet or a combination of the two by virtue of the interaction between

the main jet (main stream) and the reverse-flow jet (e.g. by virtue of shear forces at the interface).
The nozzles may generate a cavitating or pulsed jet with or without a surrounding or annular shroud
jet.

[0021] In embodiments of the present invention, the nozzle has a body (or nozzle body)
comprising a main channel (which may be a central fluid flow channel) extending from a main inlet
of the nozzle body to a main outlet of the nozzle body. The main inlet is disposed at an upstream
end of the body for receiving a main stream (or main jet) of the pressurized liquid. In other words,

pressurized liquid tlows into the nozzle through the main inlet. The main outlet is disposed at a
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downstream end of the body for discharging the cavitating and/or pulsed jet of the pressurized tluid
from the nozzle. In other words, the cavitating jet or pulsed jet discharges or exits from the nozzle
through the main outlet. The main channel may be formed substantially centrally or axially through
the body of the nozzle (i.e. the main channel may be a fluud passage that extends along a
longitudinal central axis of the body). The main channel (central flow channel) includes or defines
a mixing chamber disposed intermediate the main inlet and the main outlet. Interaction between
the main jet and reverse-flow jet in the mixing chamber is what generates the cavitating and/or
naturally pulsed jet.

[0022] A first channel (i.e. a flow-reversing channel) 1s formed in the nozzle body. This
flow-reversing channel has an inlet (i.e. a liquid-diverting inlet) for diverting a portion of the
pressurized liquid from the main stream or main jet. The diverted liquid flows through a loop-
shaped channel that reverses its direction of flow. An outlet of this channel (i.e. a reverse-tlow
outlet) 1s connected (directly or indirectly) to the mixing chamber for discharging the diverted
liquid back mnto the mixing chamber. The diverted liquid i1s discharged back into the mixing
chamber 1n a direction reverse to the main stream, 1.e. generally oppositely (counter-currently) to a
direction of flow of the main stream of liquid. The reverse-flow jet provided by the flow-reversing
channel creates shear forces and resulting cavitation bubbles in the liquid in the mixing chamber.
[0023] An optional second channel (shroud-generating channel) may be provided in the
nozzle body. This second (shroud-generating) channel has a second (liquid-diverting) inlet for
recerving pressurized liquid from the mixing chamber. The second channel also has a shroud-jet
outlet disposed radially outwardly of the main outlet of the main channel. The shroud-jet outlet
discharges an annular shroud jet that enshrouds the cavitating jet discharged from the main outlet.
The outlet may be disposed proximate the main outlet of the main channel and may be in a
converging relationship to a longitudinal axis of the main channel in the direction of flow of the
liquid through the main channel. The outlet is disposed such as to direct a stream of liquid
towards, and generally co-currently with the direction of, the main stream of liquid discharged from
the central channel. In other words, the shroud jet is discharged in the same direction as the
cavitating or pulsed jet exiting the main outlet such that the shroud jet envelops or enshrouds the
cavitating or pulsed jet.

[0024] The liquid-diverting inlet of the first (flow-reversing) channel may be connected to a
portion of the main channel upstream of the mixing chamber. In one embodiment, the liquid-

diverting inlet of the flow-reversing channel is connected (in fluid communication with) a
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converging section between the main inlet and the mixing chamber.

[0025] The second liquid-diverting inlet of the second (shroud-generating) channel may be
connected to the mixing chamber in a manner to receive pressurized liquid from the mixing
chamber and discharge this liquid from the nozzle as an annular shroud of liquid surrounding and
protecting the cavitating jet.

[0026] In one embodiment, the outlet of the second channel is disposed peripherally or
tangentially to the main outlet of the main channel such as to provide a circumfluent stream of
liquid towards the cavitating or pulsed jet leaving the central channel in a manner to envelop or
enshroud the central stream.

[0027] In one specific embodiment, the outlet portion of the second channel i1s annular and
concentric with the axis of the main channel at the main outlet of the nozzle.

[0028] In one specific embodiment, the outlet of the first channel is disposed at an angle of
about 3 degrees to about 10 degrees to the longitudinal axis of the main channel. This results in the
annular stream from the first channel "gently" contacting the central stream of fluid in the mixing
éhamber without significantly impairing the kinetic energy of the central stream while creating
shear forces and resulting cavitational vapor bubbles at the interface of the two streams.

[0029] Further, in one embodiment, the annular end portion (outlet) of the second channel 1s
disposed at a small (highly oblique) angle to the axis of the main channel. The angle should be
such as to enable the annular stream of fluid from the second annular channel to merge with, and
envelop or enshroud, the central stream of fluid to protect the cavitational bubbles therein so that
the bubbles remain within the jet until impact with the target. The shroud jet thus protects or retains
the bubbles within the jet without significantly disturbing the main jet or impairing its kinetic
energy.

[0030] The cross-sectional dimensions (e.g. diameter) of the mixing chamber are, 1n one

embodiment, significantly greater than the diameter of the narrowest spot (“the throat™) of the

converging section of the central channel, for two reasons: first, to create, in operation, a partial
vacuum 1n the mixing chamber (according to the Bernoulli Theorem), and secondly, to
accommodate, in operation, an increased flow of fluid, caused by the additional stream from the
first channel. In one embodiment, the diameter of the mixing chamber at its upstream end is greater

than at 1ts downstream end.

[0031] Although various types of liquid may be used with this nozzle, the most practical

implementation would be for generating cavitating or pulsed water jets. In theory, cavitation can
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occur 1n any liquid. The dimensional number used to determine whether cavitation occurs or not 1s
the “cavitation number,” which is a function of local velocity and the dynamic pressure of the flow
of liquid. Cavitation number, in turn, can depend on Reynolds number, etc. In the present
application, the occurrence of cavitation depends on the intensity of turbulence between the main
(central flow) and the reverse flow, because turbulence, by definition, consists of eddies, and the
pressure at the center of eddies can be quite low. If this pressure is equivalent to the vapor pressure
of the liquid at the local temperature, then the liquid can flash into vapor, forming cavitation
bubbles.

[0032] The embodiments of the present invention will now be described in greater detail
with regard to the specific implementations illustrated in the appended figures.

[0033] Fig. 1 depicts a cross-sectional view of a nozzle body, generally designated by
reference numeral 10, with a main channel (defined by various sections 12, 14, 16, 20, 18, 22 to be
described below) extending through the nozzle body. The main channel, which may have various
different circular and varying cross-sections throughout its length, has a main inlet 12 and a main
outlet 18 for, respectively, receiving a stream of pressurized liquid from a source of pressurized
liquid (e.g. pump, not shown) and discharging the stream of pressurized liquid towards a target 38
(or surface, object, work-piece, etc) shown in Fig. 2. The direction of liquid flow through the main
channel is indicated by arrows in Fig. 1 and Fig. 2.

[0034] The main channel may have a converging section 14 which converges (e.g. tapers
linearly) in the direction of flow which extends into a cylindrical or tubular throat 16 (i.e. a tubular
passageway of umiform circular cross-sectional area) which, in turn, extends into a mixing chamber
20, which may be a frustoconical mixing chamber 20. The angle of convergence, B, can be from
about 10 degrees to 45 degrees and preferably about 13 degrees to 25 degrees. Downstream of the
mixing chamber 20 is an outlet section 22 of the central channel which terminates with the main
outlet 18. The outlet section 22 leading to the main outlet 18 may have a diverging shape, as
illustrated by way of example in Fig. 1, with the angle of divergence being, for example, from about
10 degrees to about 25 degrees. In the embodiment illustrated, the diameter of the mixing chamber

20 1s greater than the diameter of the main channel on each of its ends adjacent the mixing chamber
20.

[0035] As 1llustrated by way of example in Fig. 1 and Fig. 2, the nozzle (or the nozzle body)
includes a flow-reversing channel 24, 26, 28, 29 having first liquid-diverting inlets 24a, 26a for

diverting a portion of the pressurized liquid from a main stream flowing through the main channel.
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The flow-reversing channels 24, 26, 28, 29 also include respective reverse-flow outlets 28a, 29a
connected to the mixing chamber for discharging a reverse flow of pressurized liquid into the
mixing chamber relative to the main stream to-thereby generate the cavitating or naturally pulsed
jet. The flow-reversing channels may include angled inlet channel portions 24, 26 followed by
parallel channel portions (parallel to a longitudinal axis of the main channel) and looped or curved
annular channel p&)rtions 28, 29 that reverse the flow back into the mixing chamber.

[0036] In other words, 1n the 1llustrated embodiment, the nozzle includes two angled inlet
channel portions 24, 26 that extend from the converging section 14, at a point near but upstream of
the throat 16, into respective curved annular channel portions 28, 29 which reverse the flow and
discharge the flow into the mixing chamber 20 at the downstream end of the mixing chamber 20.
Curved or looped annular channel portions 28, 29 surround concentrically an upstream portion of
the outlet section 22 of the main channel. The curved annular channel portions 28, 29 are disposed
to direct a reverse-flow jet of liquid into the mixing chamber 20 at an angle y which may be from
about 3 to 7 degrees. While Fig. 1 shows the cross-sectional dimension, or width D’, of each of the
curved annular channel portions 28, 29 to be similar to the diameter of the angled inlet channel
portions 24, 26, it will be understood that the former, in order to retain the linear velocity of the
stream of fluid carried therethrough, should be much smaller than the latter since the curved annular
channel portions 28, 29 carry the same flow as the two angled inlet channel portions 24, 26. The
channels 24, 26, 28, 29 together form the flow-reversing channel(s).

[0037] The main channel provides a straight (linear) path of liquid flow through the
converging section 14, the throat 16 and the mixing chamber 20, while channels 24, 26, 28 and 29
provide an alternative fluid flow route between the converging section 14 and the mixing chamber
20.

[0038] As further illustrated by way of example in Fig. 1 and Fig. 2, two shroud-generating

channels (collectively designated by reference numerals 30, 32, 34, 35, 36) have second liquid-
diverting inlets 34a that draw liquid from an upstream end of the mixing chamber 20 into angled

inlet channel portions 30, 32 which deliver the liquid to substantially parallel annular channel
portions 34 which in turn deliver the liquid into curved, converging channel portions 35. These
curved, converging annular channel portions 35 terminate in shroud-jet outlets 36 for discharging
an annular shroud jet. The shroud-generating channels are radially spaced from the flow-reversing

channels.

[0039] The same flow is carried consecutively by the channel portions 30, 34, 35. For this
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reason, the actual dimension D" of the converging annular channel portions 35 is smaller than the

diameter of the channel portions 30, 34. This relationship prevents a significant reduction of the
velocity of fluid flow in the converging annular channel portions 35 compared to the velocity of
flow in the channel portions 30, 34.

0040} In one embodiment, the diameters, or widths, of all the channels (or channel
portions) described and illustrated herein are selected so that, in operation, the velocity of flow of
liquid discharged towards the target surface 38 from the outlet 18 of the central channel is
substantially equal to the velocity of the stream discharged from the outlet 36. This enables the two
streams to merge relatively smoothly, without the central stream of liquid losing much energy,
while the annular stream of liquid from outlet(s) 36 envelops (or enshrouds) the central stream
(main jet) and protects the cavitating bubbles therein.

[0041] In the embodiment illustrated by way of example in Fig. 1 and Fig. 2, each of the
converging annular channel portions 35 has the outlet 36 substantially adjacent or very near (i.e. in
very close proximity to) the main outlet 18 of the central (main) channel. As shown by way of
example, the converging annular channel portions 35 may taper in a curved and converging manner
towards the main outlet 18. In the embodiment illustrated herein, the converging annular channel
portions 35 at the outlet 36 surround concentrically the main outlet 18 of the central (main) channel
and are spaced therefrom by a very small amount. In one embodiment, the outlet 36 of the
converging annular channel portions 35 merges partly or entirely with the main outlet 18 of the
central (main) channel, provided that the angle o, defined by the directions of flow through the
shroud-jet outlet 36 and the main outlet 18 is small, e.g. in the order of 5-10 degrees, such that the
two streams, one from the central channel and the other annular stream from the converging annular
channel portions 35, can merge smoothly without undue disturbance.

[0042] Fig. 2 illustrates the fluid flow within the exemplary nozzle of Fig. 1. As a

pressurized stream of liquid (e.g. water) from a source (e.g. a pump) is passed through the

converging section 14 of the main channel, the pressure in the converging section builds up. The
main stream is diverted near the downstream end of the converging section 14 into a main axial,
central stream (a main jet) and two (or more) shunted (bypass) streams which are forced by the
pressure of water in the converging section 14 to pass through the flow-reversing channels. From
the latter, an annular stream of liquid (e.g. water) is injected back into the mixing chamber 20 as a
reverse-flow jet in a direction opposite to the direction of flow in the central channel. This reverse-

flow jet may be substantially parallel or slightly angled relative to the longitudinal axis of the main
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jet flowing through the central channel and mixing chamber. As a result, the two counter-current

streams shear against each other as they merge thereby creating shear forces dependent on the
pressure of liquid and the dimensions and configuration of the channel(s) and the mixing chamber.
In the mixing chamber, the shear forces at the interface of the main jet and the reverse-flow jet
create cavitation in the liquid. The cavitating liquid contains vapor bubbles, the bubbles being
immediately carried by the central stream of liquid towards the main outlet of the main channel. It
will be appreciated that the sharp expansion of the main stream, which is created by a stepwise
enlargement of the diameter of the central channel where it extends into the mixing chamber, has
the etfect of sucking the counter-current flow of water from the reverse-flow channel into the
mixing chamber.

[0043] The excess pressure and volume of liquid in the mixing chamber caused by the
annular stream from the reverse-flow channel result in some fluid from the mixing chamber being
forced through the channels 30, 32 which are connected to the mixing chamber at its upstream end,
and through the parallel annular channel portions 34 and the curved converging annular channel
portions 35 to the outlet 36 located near the mainl outlet 18 of the central main channel. The
converging shape of the converging annular channel portions 35 combined with a small angle o
between the shroud jet and main jet causes the annular stream discharged from the shroud-jet
outlet(s) 36 to create a sheath, envelope or shroud of fluid around the central stream of fluid
discharged from the main outlet 18. The shroud jet protects the cavitation bubbles in the main
cavitating jet in a manner similar to that of the surrounding liquid in a submerged jet. The
protection is effective for a substantial stand-off distance, enabling the cavitating nozzle to be used
in open air (i.e. without being submerged as required by the prior-art designs).

[0044] All of the liquid for the main jet, reverse-flow jet and shroud jet enters the nozzle via
the main inlet. As such, only a single supply line of pressurized liquid is connected to the nozzle.
In other words, the reverse-flow jet and the shroud jet are generated by diverting liquid internally
from the main stream and the mixing chamber. No external sources of liquid are required to
supply the reverse-flow and shroud jets.

[0045] A nozzle 1n accordance with another embodiment of the present invention is

illustrated in Fig. 3 to Fig. 6. The nozzle body 10 has a main channel (which may be a central or
axial flow channel) which defines a main inlet 12, a converging section 14, a mixing chamber 20

and a main outlet 18. The nozzle may have a linearly diverging outlet section 22 leading from the

mixing chamber 20 to the main outlet 18. The nozzle depicted in Fig. 3 to Fig. 6 includes only the

10
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flow-reversing channel(s) but not the shroud-generating channel(s) disclosed and depicted with
reference to the nozzle of Fig. 1 and Fig. 2.

[0046] This nozzle may be used to generate a cavitating jet without a shroud jet. This
nozzle (or “reverse-flow cavitation nozzle”) includes a nozzle body 10 having a main inlet 12 for
receiving a stream of the pressurized liquid. A main channel extends through the nozzle body 10
from the main inlet 12 to a main outlet 18. A flow-reversing channel 24, 26 in fluid communication
with the main channel at a point upstream of a mixing chamber 20 diverts into the flow-reversing
channel 24, 26 a diverted portion of the liquid from the main channel. This diverted liquid 1s
returned to the mixing chamber as a reverse-flow jet relative to a main stream of liquid tflowing
toward the main outlet 18. The reverse-flow jet interacts with the main stream to generate the
cavitating jet that discharges from the main outlet 18.

10047] In one embodiment, the reverse-flow cavitation nozzle comprises a converging
section 14 between the main inlet 12 and the mixing chamber 20. The liquid-diverting inlet(s) 24a,
26a of the flow-reversing channel(s) 24, 26 may be in fluid communication with the converging
section 14. In the embodiment illustrated by way of example, the nozzle of Fig. 3 may include a
throat 16 of uniform circular cross-sectional area downstream of the converging section 14, and a
frustoconical mixing chamber 20 downstream of the throat 16.

[0048] The liquid-diverting inlet(s) 24a, 26a of the flow-reversing channel 24, 26 are in
fluid communication with the converging section 14 while the reverse-flow outlet(s) 28a, 29a of the
flow-reversing channel(s) 24, 26 are in fluid communication with a downstream end of the mixing
chamber 20. In one specific embodiment, as shown in Fig. 3, the channels 24, 26 discharge into an
annular space 27 concentric to an upstream portion of the outlet section 22. Liquid flows back
from this annular space 27 into the mixing chamber 20 or into an intermediate chamber 20a

disposed between the mixing chamber 20 and the outlet section 22. The intermediate chamber may
have an outwardly curved (diverging) shape as shown by way of example in Fig. 3 and Fig. 4. As
shown in Fig. 3, the top (upstream) end of a male insert 23 protrudes into the intermediate chamber.
The intermediate chamber and mixing chamber may be formed within the female insert 19 as
shown by way of example in Fig. 4.

[0049] The mixing chamber 20 may have a frustoconical shape disposed axially along a
direction of fluid flow. In one embodiment, a diameter of the mixing chamber 20 at the upstream

end of the mixing chamber is greater than a diameter of the mixing chamber at the downstream end

of the mixing chamber.

11
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[0050]) A vanant of the nozzle depicted in Fig. 3 may be used as a reverse-flow nozzle for
generating a naturally pulsed jet of pressurized liquid. The variant (pulse-generating) nozzle uses a
reverse-flow jet that is both reversed and angled relative to a main stream of liquid flowing toward
the main outlet. The angled reverse-flow jet intermittently interrupts the main stream to generate
the naturally pulsed jet.

[0051] Fig. 4 to Fig. 6 show exemplary components that can be used to assemble the nozzle
of F1g. 3 (in cross-section in Fig. 4, as an exploded (assembly) view in Fig. 5 and as an assembled
view in Fig. 6). In the exemplary embodiment depicted in these figures, the nozzle includes an
upper nozzle body (or inlet fixture) 10 having external threads, an O-ring, gasket or other sealing
element 13, a housing 15 having internal and external threads, a jam nut 17, a female insert 19, an
O-ring, gasket or other sealing element 21, the male insert 23 and a positioning nut 25. The

components presented in Fig. 4 to Fig. 6 represent the best mode of manufacturing the nozzle (i.e.

the most cost-effective way of machining the various parts). However, it should be appreciated that
the nozzle of Fig. 3 to Fig. 6 may be manufactured in other ways with parts that are machined, cast
or otherwise made of other forms or using other fabrication techniques.

[0052] All of the liquid for the main jet and reverse-flow jet enters the nozzle via the main
inlet. As such, only a single supply line of pressurized liquid is connected to the nozzle. In other
words, the reverse-flow jet is generated by diverting liquid internally from the main stream. No
external source of liquid is required to supply the reverse-flow jet.

[0053] Like the nozzle depicted by way of example in Fig. 1 and Fig. 2, the nozzle depicted
by way of example in Fig. 3 to Fig. 6 may generate a cavitating jet or a naturally pulsed jet or a jet
that 1s both cavitating and pulsed (or that fluctuates between these two modes). A pulsed jet may
form instead of a cavitating jet depending on how the reverse flow occurs through the narrow
passages 1n the nozzle. It is believed that if the reverse flow is truly parallel to the main flow,
cavitation 1s the dominant mechanism. Cavitation is believed to occur at the interface of the two

mixing layers, i.e. at the interface of the central stream and the reverse-flow annular stream.
However, 1f the reverse flow impinges (that is, flows) at a slight angle to the central jet, then the
reverse flow may momentarily interrupt the main jet, causing the formation of an interrupted jet.
The momentary interruptions in the main jet create a pulsed jet (referred to herein as a natural
pulsed jet because it occurs basically due to the interaction between the two streams, without any
external excitation, that is, not forced as is the case with forced pulsed waterjet (FPWJ) such as

disclosed in U.S. Patent Serial Number 7,594,614 (Ultrasonic Waterjet Apparatus).
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[0054] Frequently, it is extremely difficult to determine whether cavitation occurs or pulses
occur (or an intermittent combination of both). However, an assumption can be made that cavitation
dominates (using the nozzles disclosed herein) because of the signature bell-shaped erosion curve
as a function of standoff distance. In the cavitation literature, this bell-shaped erosion curve 1s
usually associated with cavitation.

[0055] Accordingly, the nozzles disclosed herein can thus be used (or adapted or modified
for use) to generate not only a cavitating jet but also a (natural) pulsed jet. In some cases,
depending on the fluid dynamics, the jet may be purely cavitating while in other cases the jet may
be purely pulsed. In still other cases, the jet may be a hybrid, i.e. simultaneously both cavitating
and pulsed.

0056] Each of the nozzles described above and depicted in the accompanying figures 1s a
single device that generates, using a single source of pressurized liquid, a cavitating or naturally
pulsed stream that may be optionally surrounded by a protective envelope or shroud in the form of a
shroud jet. This cavitating or pulsed jet can thus be projected through air (i.e. it need not be
submerged). This cavitating or pulsed jet may be used to cut, fracture, or abrade materials. For
example, the nozzle may be used for cavitation shotless peening (CSP), i.e. waterjet peening that

does not require shot. This technology may be used for a wide variety of applications, including
surface preparation, coating removal, cutting materials, fracturing matter like rocks, etc.

[0057] The embodiments of the invention described above are intended to be exemplary
only. As will be appreciated by those of ordinary skill in the art, to whom this specification 1s

addressed, many obvious variations can be made to the embodiments presented herein. The scope

of the exclusive right sought by the applicant is therefore intended to be limited solely by the

appended claims.
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CLAIMS:

1. A nozzle for generating a cavitating jet of pressurized liquid, the nozzle having a body
comprising:

a main channel extending through the body, the main channel having a main inlet for
rece1ving the pressurized liquid and a main outlet for discharging the pressurized liquid from the
nozzle, the main channel including a mixing chamber disposed between the inlet and the outlet;

a flow-reversing channel having:

a first iquid-diverting inlet for diverting a portion of the pressurized liquid from a
main stream flowing through the main channel; and .

a reverse-flow outlet connected to the mixing chamber for discharging a reverse
flow of pressurized liquid into the mixing chamber to thereby create shear forces between
the main stream and the reverse flow that generate cavitating bubbles in the main stream of
pressurized liquid in the mixing chamber, thereby generating the cavitating jet; and
a shroud-generating channel having a second liquid-diverting inlet for receiving pressurized

liquid from the mixing chamber and a shroud-jet outlet disposed radially outwardly of the main
outlet of the main channel, the shroud-jet outlet discharging an annular shroud jet that enshrouds

the cavitating jet discharged from the main outlet.

2. The nozzle as claimed in claim 1 wherein the main channel comprises a converging section

between the main inlet and the mixing chamber.

3. The nozzle as claimed in claim 2 wherein the inlet of the flow-reversing channel is open to

the converging section.

4. The nozzle as claimed in claim 1 wherein the mixing chamber defines an upstream end and
a downstream end, the reverse-flow outlet of the flow-reversing channel being open to the mixing

chamber at the downstream end of the mixing chamber.

5. The nozzle as claimed in claim 4 wherein the second liquid-diverting inlet is connected to

the upstream end of the mixing chamber.
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6. The nozzle as claimed in claim 1 wherein the outlet of the shroud-generating channel 1s

annular and concentric to a central longitudinal axis of the main channel at the main outlet.

7. The nozzle as claimed in claim 1 wherein the first liquid-diverting inlet of the flow-

reversing channel is connected to the main channel upstream of the mixing chamber.

8. The nozzle as claimed in claim 1 wherein the transverse dimensions of the channels are

selected such that a fluid velocity discharging from the main outlet is substantially equal to a fluid

velocity exiting from the shroud-jet outlet.

9. The nozzle as claimed in claim 1 wherein the mixing chamber has a frustoconical shape
disposed axially along a direction of fluid flow, wherein a diameter of the mixing chamber at an
upstream end of the mixing chamber is greater than a diameter of the mixing chamber at a

downstream end of the mixing chamber.

10. A nozzle for generating a naturally pulsed jet of pressurized liquid, the nozzle having a body
comprising:

a main channel extending through the body, the main channel having a main inlet for
receiving the pressurized liquid and a main outlet for discharging the pressurized liquid from the
nozzle, the main channel including a mixing chamber disposed between the main inlet and the main
outlet;

a flow-reversing channel having:

a first liquid-diverting inlet for diverting a portion of the pressurized liquid from a
main stream flowing through the main channel; and

a reverse-flow outlet connected to the mixing chamber for discharging an angled
reverse flow of pressurized liquid into the mixing chamber at an angle relative to the main
stream thereby to intermittently interrupt the main stream, thereby generating the naturally
pulsed jet; and

a shroud-generating channel having a second liquid-diverting inlet for receiving pressurized
liquid from the mixing chamber and a shroud-jet outlet disposed radially outwardly of the main
outlet of the main channel, the shroud-jet outlet discharging an annular shroud jet that enshrouds

the pulsed jet discharged from the main outlet.
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11. The nozzle as claimed in claim 10 wherein the main channel comprises a converging section

between the main inlet and the mixing chamber.

12.  The nozzle as claimed in claim 11 wherein the inlet of the flow-reversing channel 1s open to

the converging section.

13.  The nozzle as claimed in claim 10 wherein the mixing chamber defines an upstream end and
a downstream end, the reverse-flow outlet of the flow-reversing channel being open to the mixing

chamber at the downstream end of the mixing chamber.

14.  The nozzle as claimed in claim 13 wherein the second liquid-diverting inlet is connected to

the upstream end of the mixing chamber.

15.  The nozzle as claimed in claim 10 wherein the outlet of the shroud-generating channel 1s

annular and concentric to a central longitudinal axis of the main channel at the main outlet.

16.  The nozzle as claimed in claim 10 wherein the first liquid-diverting inlet of the flow-

reversing channel is connected to the main channel upstream of the mixing chamber.

17. The nozzle as claimed in claim 10 wherein the transverse dimensions of the channels are

selected such that a fluid velocity discharging from the main outlet is substantially equal to a fluid
velocity exiting from the shroud-jet outlet.

18.  The nozzle as claimed in claim 10 wherein the mixing chamber has a frustoconical shape

disposed axially along a direction of fluid flow, wherein a diameter of the mixing chamber at an

upstream end of the mixing chamber is greater than a diameter of the mixing chamber at a

downstream end of the mixing chamber.

19. A reverse-flow cavitation nozzle for generating a cavitating jet of pressurized liquid, the
nozzle comprising:

a nozzle body having a main inlet for receiving a stream of the pressurized liquid;
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a main channel extending through the nozzle body from the main inlet to a main outlet;

a flow-reversing channel having a liquid-diverting inlet in fluid communication with the
main channel at a point upstream of a mixing chamber for diverting into the flow-reversing channel
a diverted portion of the liquid from the main channel and for returning the diverted liquid to the
mixing chamber as a reverse-flow jet relative to a main stream of liquid flowing toward the main
outlet, wherein the reverse-flow jet interacts with the main stream to generate the cavitating jet that

discharges from the main outlet.

20.  The reverse-flow cavitation nozzle as claimed in claim 19 further comprising a converging

section between the main inlet and the mixing chamber.

21.  The reverse-flow cavitation nozzle as claimed in claim 20 wherein the liquid-diverting inlet

of the flow-reversing channel is in fluid communication with the converging section.

22.  The reverse-flow cavitation nozzle as claimed in claim 19 further comprising a converging
section between the main inlet and the mixing chamber, and a throat of uniform cross-sectional area
downstream of the converging section, wherein the mixing chamber is a frustaconical mixing

chamber located downstream of the throat.

23.  The reverse-flow cavitation nozzle as claimed in claim 22 wherein the liquid-diverting inlet
of the flow-reversing channel is in fluid communication with the converging section and wherein

the flow-reversing channel further comprises a reverse-flow outlet in fluid communication with a

downstream end of the mixing chamber.

24.  The reverse-flow cavitation nozzle as claimed in claim 23 wherein the frustoconical shape
of the mixing chamber is arranged axially along a direction of fluid flow, such that a diameter of the

mixing chamber at the upstream end of the mixing chamber is greater than a diameter of the mixing

chamber at the downstream end of the mixing chamber.

25.  Areverse-flow nozzle for generating a naturally pulsed jet of pressurized liquid, the nozzle
comprising:

a nozzle body having a main inlet for receiving a stream of the pressurized liquid;
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a main channel extending through the nozzle body from the main inlet to a main outlet;

a flow-reversing channel having a liquid-diverting inlet in fluid communication with the
main channel at a point upstream of a mixing chamber for diverting into the flow-reversing channel
a diverted portion of the liquid from the main channel and for returning the diverted liquid to the
mixing chamber as a reverse-flow jet that is both reversed and angled relative to a main stream of

liquid flowing toward the main outlet, wherein the reverse-flow jet intermittently interrupts the

main stream to generate the naturally pulsed jet that discharges from the main outlet.

26.  The reverse-flow nozzle as claimed in claim 25 further comprising a converging section

between the main inlet and the mixing chamber.

27.  The reverse-flow nozzle as claimed in claim 26 wherein the liquid-diverting inlet of the

flow-reversing channel is in fluid communication with the converging section.

28.  The reverse-flow nozzle as claimed in claim 25 further comprising a converging section
between the main inlet and the mixing chamber, and a throat of uniform cross-sectional area
downstream of the converging section, wherein the mixing chamber is a frustoconical mixing

chamber located downstream of the throat.

29.  The reverse-flow nozzle as claimed in claim 28 wherein the liquid-diverting inlet of the
flow-reversing channel is in fluid communication with the converging section and wherein the

flow-reversing channel further comprises a reverse-flow outlet in fluid communication with a

downstream end of the mixing chamber.

30.  The reverse-flow nozzle as claimed in claim 29 wherein the frustoconical shape of the
mixing chamber is arranged axially along a direction of fluid flow, such that a diameter of the
mixing chamber at the upstream end of the mixing chamber is greater than a diameter of the mixing

chamber at the downstream end of the mixing chamber.
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