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DAMAGE TOLERANT CAVITATION NOZZLE 
 

BACKGROUND 

Cavitation Abrasive Surface Finishing (CASF) is a promising new method of 

mechanically cleaning, smoothing surface roughness, and peening. A cavitating jet is 5 

injected into a fluid using a specialized nozzle, and cavitation bubbles are formed in the 

fluid by a transition to gas phase resulting from an increase in flow velocity and internal 

energy. The bubbles then collapse as the flow velocity and surrounding pressure 

dissipates, producing micro-jets that can peen a surface and/or energize abrasive 

particles that remove material from the surface on impact. However, the energized 10 

abrasive particles may also impact the nozzle, quickly causing significant damage. 

 

SUMMARY 

The present disclosure provides systems, apparatus, and methods relating to 

damage tolerant nozzles for cavitation abrasive surface finishing. In some examples, a 15 

cavitation nozzle may include a plate, a hollow body, and a cap removably engaged with 

the hollow body and holding the plate against a distal end of the hollow body. The plate 

may have a central aperture and a distal surface, wherein the distal surface is bisected 

by a groove and the hollow body is configured to deliver high pressure fluid through the 

central aperture. The delivered high pressure fluid may be discharged as a cavitating jet. 20 

In some examples, a cavitation nozzle may include a plate, a hollow body, and a 

cap removably engaged with the hollow body and holding the plate against a distal end 

of the hollow body. The plate may have a distal face and a central aperture defining a 

fluid flow axis. The hollow body may be configured to deliver high pressure fluid through 

the central aperture as a cavitating jet. The cap may have a slit bisecting a distal surface, 25 

exposing the central aperture of the plate. 

In some examples, a cavitation system may include a tank containing a slurry of 

water and abrasive media, and a nozzle submerged in the slurry. The nozzle may include 

a plate, a hollow body, and a cap removably engaged with the hollow body and holding 

the plate against a distal end of the hollow body. The plate may have a central aperture 30 

and a distal surface, wherein the distal surface is bisected by a groove and the hollow 
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body is configured to deliver high pressure fluid through the central aperture. The 

delivered high pressure fluid may be discharged into the slurry to form a cloud of cavitation 

bubbles and energized abrasive particles. 

Features, functions, and advantages may be achieved independently in various 

examples of the present disclosure, or may be combined in yet other examples, further 5 

details of which can be seen with reference to the following description and drawings. 

 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram of an illustrative cavitation abrasive surface finishing 

system including a damage tolerant nozzle in accordance with aspects of the present 10 

disclosure. 

Fig. 2 is a schematic cross-sectional view of another illustrative damage tolerant 

nozzle submerged in a slurry. 

Fig. 3 is a schematic cross-sectional view of an illustrative uniform flow nozzle 

plate. 15 

Fig. 4 is a schematic isometric view of another illustrative nozzle plate during 

cavitation abrasive surface finishing. 

Fig. 5 is a schematic cross-sectional view of an illustrative frusticonical nozzle 

plate. 

Fig. 6 is an isometric view of an illustrative grooved nozzle plate. 20 

Fig. 7 is an isometric view of the nozzle plate of Fig. 6 with arcuate recesses. 

Fig. 8 is an isometric view of the nozzle plate of Fig. 6 with radial recesses. 

Fig. 9 is an isometric view of the nozzle plate of Fig. 6 with non-uniform radial 

recesses. 

Fig. 10 is an isometric view of an illustrative nozzle plate with a diamond insert. 25 

Fig. 11 is a schematic diagram of four illustrative opening shapes for a nozzle plate 

central aperture. 

Fig. 12 is an isometric view of the nozzle plate and cap of Fig. 2, including a 

produced cavitation cloud vortex. 

Fig. 13 is an isometric view of the nozzle plate and cap of Fig. 2, including a 30 

projected jet of entrained abrasive media. 
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Fig. 14 is an isometric view of an illustrative wide angle cap.  

Fig. 15 is a flow chart depicting steps of an illustrative method for reducing nozzle 

damage during cavitation abrasive surface finishing, according to the present teachings. 

 

DETAILED DESCRIPTION 5 

Various aspects and examples of a cavitation nozzle configured to tolerate 

abrasive impact damage, as well as related systems and methods, are described below 

and illustrated in the associated drawings. Unless otherwise specified, a nozzle in 

accordance with the present teachings, and/or its various components may, but are not 

required to, contain at least one of the structures, components, functionalities, and/or 10 

variations described, illustrated, and/or incorporated herein. Furthermore, unless 

specifically excluded, the process steps, structures, components, functionalities, and/or 

variations described, illustrated, and/or incorporated herein in connection with the present 

teachings may be included in other similar devices and methods, including being 

interchangeable between disclosed examples. The following description of various 15 

examples is merely illustrative in nature and is in no way intended to limit the disclosure, 

its application, or uses. Additionally, the advantages provided by the examples described 

below are illustrative in nature and not all examples provide the same advantages or the 

same degree of advantages. 

This Detailed Description includes the following sections, which follow immediately 20 

below: (1) Overview; (2) Examples, Components, and Alternatives; (3) Illustrative 

Combinations and Additional Examples; (4) Advantages, Features, and Benefits; and (5) 

Conclusion. The Examples, Components, and Alternatives section is further divided into 

subsections A and B, each of which is labeled accordingly. 

 25 

Overview 

In general, a cavitation nozzle in accordance with the present teachings may 

include at least one damage tolerance feature. Damage tolerance features include 

damage resistant materials such as diamond, flow directing structures such as nozzle 

plate recesses and/or grooves, and flow separation reduction geometry such as angled 30 

surfaces. The nozzle may further include performance enhancing features such as an 
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elongate aperture to produce a fan-shaped jet, a distal slit to entrain abrasive particles, 

and/or an aperture constriction and expansion for more uniform flow. 

Fig. 1 is a schematic diagram of an illustrative cavitation abrasive surface finishing 

system 100, including a damage resistant cavitation nozzle 110. A supply reservoir 

system 113, including a high-pressure pump 112, supplies pressurized fluid 114 along a 5 

conduit 116. A control valve 120 may allow precise control of the pressure and flow rate 

of fluid supplied along conduit 116 to nozzle 110. 

Nozzle 110 is submerged in a pressurized tank 124 filled with a slurry 126 of an 

abrasive particulate material mixed with a liquid. The slurry is allowed overflow from the 

tank into a catchment container 130. Abrasive slurry 126 also drains from tank 124 along 10 

a conduit 132, regulated by a control valve 134. In some examples, the slurry may drain 

into another tank  where it can be processed to recover and reuse the abrasives in the 

slurry. 

Nozzle 110 is directed toward a surface of a workpiece 136 in tank 124. Workpiece 

136 may include any manufactured or repaired part requiring peening, cleaning, removal 15 

of surface material, and/or smoothing of surface roughness. For example, the workpiece 

may be an additively manufactured aluminum component with high surface roughness, 

or a titanium component with an alpha-case layer. 

High pressure fluid 114 is injected through nozzle 110 into abrasive slurry 126 of 

tank 124 as a cavitating jet. An interaction between the cavitating jet and the abrasive 20 

slurry forms a vortex cloud 146 of cavitation bubbles and abrasive particles. As the 

bubbles of cloud 146 collapse, particles of the abrasive material may be excited and 

kinetically energized. The micro-jets created by collapsing bubbles may collectively 

accelerate the motion of the particles. 

As the mixture of bubbles and particles contacts a surface of workpiece 136, the 25 

particles may impact the surface and remove material. That is, the abrasive particles may 

be acted on by the high forces of the cavitation cloud to smooth the surface of the 

workpiece. Normal cavitation peening may also occur, as the cavitation bubbles interact 

directly with the surface of workpiece 136. The surface may be thereby peened, improving 

residual stress and fatigue strength, and cleaned, ready for painting or use. 30 
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The cavitation bubbles may impart random directional motion to the abrasive 

particles, which may result in some impacts with nozzle 110. Nozzle 110 may be designed 

to resist damage from impacting abrasive particles and/or to alter flow dynamics to reduce 

the number of impacts, and thereby reduce damage to the nozzle during treatment of 

workpiece 136. For example, the nozzle may include a damage resistant material, may 5 

be shaped to reduce flow separation at the nozzle surface, may include features to 

produce eddies proximate the nozzle, and/or may be configured to improve entrainment 

of abrasive particles into the vortex of cloud 146. 

The collapsing impact force of a cavitation bubble is determined in part by the 

pressure of injected fluid 114, the abrasive density of  slurry 126 in tank 124,  and the 10 

temperature of fluid 114 and slurry 126 of tank 124. To optimize these parameters, 

pressure, flow rate, or temperature sensors may be included in tank 124, and/or in 

conduits 116 or 132. High pressure fluid 114 may be between 50 and 22,000 pounds per 

square inch, or any effective pressure. A preferred pressure for fluid 114 may depend on 

the abrasive density of slurry 126 in tank 124, geometry of the treated surface of 15 

workpiece 136,  and size of nozzle 110. Preferred pressure may also relate to design, 

geometry, materials or other properties of the cavitation nozzle. 

To optimize these parameters, an abrasive density measuring device,  and 

temperature sensor may be included in tank 124, or in any of conduits 116 or 132. Control 

valves 120, and 134, as well as reservoir supply system 113 and a temperature control 20 

system may be connected to an electronic controller or other such component to allow 

precise, coordinated control of pressure, flow, and temperature conditions throughout 

system 100. 

In the pictured example, the cavitated fluid is water. However, any desired fluid 

may be used. Properties such as viscosity of the fluid used may affect the collapsing force 25 

of the cavitation bubbles and a fluid may be chosen to improve impact, or decrease the 

pressure required for a desired impact level. The fluid may also be selected according to 

properties of the abrasive material used, and/or to achieve desired properties of slurry 

126. Any effective fluid flow device may be used to pump pressurized fluid through nozzle 

110. 30 
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As high-pressure fluid 114 is injected by nozzle 110 into tank 124, the ratio of liquid 

to abrasive particles in slurry 126 may be affected. To maintain a desired ratio of slurry 

126, abrasive material 150 may be added from a source 152. Source 152 may be 

regulated by an electronic controller configured to coordinate introduction of liquid, 

introduction of abrasive material, overflow of slurry 126, and outflow of the slurry through 5 

conduit 132.  

In the present example, slurry 126 is preferably a ratio of approximately one third 

abrasive material and two thirds water by volume. An appropriate ratio may be selected 

according to the abrasive material, cavitation fluid used, and material of workpiece 136. 

The density, type, or concentration of abrasive material in the slurry may be selected to 10 

achieve a desired material removal rate (MRR). 

Particles of abrasive material 150 may also tend to fall out of suspension in slurry 

126 over time, under the action of gravity. To maintain suspension of slurry 126, a mixing 

device 154 is positioned in tank 124. In the present example, mixing device 154 is a 

mechanical agitator such as a rotating propeller, and is positioned at the bottom of tank 15 

124. In general, any effective means of stirring, mixing, agitating or otherwise maintaining 

suspension of abrasive particles in slurry 126 may be used. For example, an ultrasonic 

agitator may be used, an agitator may be positioned at the top or side of tank 124, and/or 

a plurality of agitators may be positioned at multiple locations throughout the tank. 

Abrasive material 150 may include particles of any effective material, of any grit 20 

size, or may include a mixture of materials. For example, the abrasive material may 

include metal, glass, ceramic, silica oxide, aluminum oxide, yttrium, garnet, pumice, nut 

shells, corn cob, and/or plastic particles. For another example, the abrasive material may 

include natural or synthetic rubber, silicon, fluoropolymer, elastomer, Viton, Teflon, and/or 

a Fullerene based carbon nano-material particles. All particles may preferably be within 25 

a range of approximately 16 to 1200 ANSI grit size. 

 

Examples, Components, and Alternatives 

The following sections describe selected aspects of exemplary damage tolerant 

nozzles for cavitation abrasive surface finishing as well as related systems and/or 30 

methods. The examples in these sections are intended for illustration and should not be 
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interpreted as limiting the entire scope of the present disclosure. Each section may 

include one or more distinct examples, and/or contextual or related information, function, 

and/or structure. 

 

A.  Illustrative Nozzle 5 

As shown in Figs. 2-14, this section describes an illustrative damage tolerant 

cavitation abrasive surface finishing nozzle 210. Nozzle 210 is an example of a cavitation 

nozzle and may be used in a cavitation abrasive surface finishing system as described 

above.  

Fig. 2 is a schematic cross-section of nozzle 210 submerged in a slurry 212, to 10 

finish the surface of a workpiece 214. Slurry 212 includes a plurality of particles 216 of an 

abrasive material, suspended in water 218. High pressure water 220 is injected into slurry 

212, through nozzle 210, as a cavitating jet plume 222. The cavitating jet interacts with 

slurry 212 to form a vortex cloud of cavitation bubbles, as depicted in Figs. 4 and 12. 

Nozzle 210 includes a hollow body 224, a nozzle plate 226, and a cap 228. High 15 

pressure water 220 is supplied to hollow body 224 by a pump or other system, and 

delivered by the hollow body to a central aperture 230 of nozzle plate 226. Hollow body 

224 is generally cylindrical, and may further include interior structures appropriate to 

desired cavitation. For example, the hollow body may include one or more interior 

constrictions. In the present example, the hollow body has an interior diameter of at least 20 

approximately four times a diameter of central aperture 230, to achieve sufficient 

constriction to form cavitating jet plume 222. 

Nozzle plate 226 is held against hollow body 224 by cap 228. The nozzle plate is 

approximately cylindrical, or disc-shaped, and includes a proximal face 232 and a distal 

face 234. The faces may also be described as a upstream side and a downstream side, 25 

relative to a direction of fluid flow. Central aperture 230 extends through the plate, from 

proximal face 232 to distal face 234. Proximal face 232 is secured against a distal end 

236 of hollow body 224, forming a seal. In some examples, the nozzle may include a 

sealant or seal component between nozzle plate 226 and hollow body 224 and/or around 

central channel 238 of cap 228 to provide a seal appropriate to the pressure of high-30 

pressure water 220. 
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Cap 228 includes a central channel 238 configured to receive nozzle plate 226 and 

distal end 236 of hollow body 224. The central channel includes an inner surface 240 

complementary to distal face 234 of nozzle plate 226, and configured to bear against the 

distal face of the plate. In the example depicted in Fig. 2, inner surface 240 and distal face 

234 are both planar. In some examples, distal face 234 and inner surface 240 may have 5 

complementary conicity, and/or interlocking protrusions and recesses. 

In the present example, central channel 238 further includes a threaded surface 

242 configured to engage a threaded portion 244 of an outer surface of distal end 236. 

As cap 228 is threaded onto distal end 236, the cap may advance along hollow body 224, 

thereby urging nozzle plate 226 against the distal end of the hollow body. In general, cap 10 

228 and hollow body 224 may include any feature or features facilitating reversible 

attachment, such that the cap may be releasably secured to the hollow body to hold 

nozzle plate 226 in place. 

In some examples, nozzle plate 226 and/or cap 228 may be permanently fixed to 

hollow body 224. For instance, an adhesive may be used to bond proximal face 232 of 15 

the nozzle plate to distal end 236 of the hollow body. In some examples, nozzle plate 226 

may be releasably secured to distal end 236 directly, and cap 228 may be omitted from 

nozzle 210. For instance, the nozzle plate may include a threaded channel on proximal 

face 232, configured to engage threading on the distal end of the hollow body. 

Releasably securing nozzle plate 226 to hollow body 224 with cap 228 may be 20 

preferable, to allow easy replacement of nozzle plate 226. The nozzle plate proximate 

central aperture 230 may be the portion of nozzle 210 to experience the greatest abrasive 

wear during cavitation, as discussed further with reference to Fig. 4, below. Including 

connection and/or sealing features such as threading on cap 228 instead of nozzle plate 

226 may simplify design of the nozzle plate, and therefore reduce both cost to 25 

manufacture replacement nozzle plates and time required to replace the nozzle plates. 

Central aperture 230 may be described as defining a fluid flow axis 246, as shown 

in Figs. 3 and 5. High-pressure water 220 may flow in a direction generally parallel the 

fluid flow axis, along hollow body 224 and out through the central aperture. In the 

examples depicted in Figs. 2 and 5, central aperture 230 is linear and has a constant 30 

diameter 248. In other words, the aperture has no constrictions or expansions. Central 
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aperture 230 maintains a constant cross-sectional shape from proximal face 232 to distal 

face 234, as taken perpendicular to fluid flow axis 246. In some examples, central 

aperture 230 may be curved, constricted, and/or otherwise structured to produce a 

cavitating jet with desired properties. 

In an example depicted in Fig. 3, central aperture 230 has an hour-glass shape. 5 

More specifically, the central aperture has a symmetrically curved constriction 250 and 

expansion 252. Diameter 248 of central aperture 230 decreases and then increases, 

along fluid flow axis 246, with a maximum value at proximal face 232 and distal face 234 

and a minimal value halfway between the faces. Such constriction may homogenize fluid 

flow, resulting in a more uniform flow and a more even cavitating jet. 10 

Central aperture 230 may be described as defining an opening in each of proximal 

face 232 and distal face 234. As shown in Fig. 4, opening 256 in distal face 234 may be 

exposed to slurry 212 and abrasive particles 216. Fig. 4 is a schematic depiction of nozzle 

plate 226 immersed in slurry 212 during cavitation, with the nozzle cap and body omitted 

for simplicity. The cavitating jet produced by the nozzle forms a vortex cloud of cavitation 15 

bubbles 254. 

Abrasive particles 216 may cause damage to nozzle plate 226 by two 

mechanisms. Firstly, collapsing cavitation bubbles may impart random momentum to 

abrasive particles 216, such that some portion may be directed back to impact distal face 

234 of nozzle plate 226. Secondly, slurry 212 may be drawn along distal face 234 by the 20 

action of the high-pressure cavitating jet and/or vortex of cloud 254, and particles 216 

entrained into the vortex cloud proximate opening 256. Flow separation around the 

opening may cause some of the abrasive particles to impact distal face 234. As a result, 

the greatest abrasive damage to nozzle plate 226 may occur at or near opening 256. 

Damage to distal face 234 may therefore be reduced or avoided by decreasing or 25 

eliminating the flow separation region surrounding opening 256. Fig. 5 depicts an example 

of nozzle plate 226 with a distal face 234 shaped to eliminate flow separation. In the 

depicted example, nozzle plate 226 is frusticonical. That is, distal face 234 forms an 

oblique angle 258 with fluid flow axis 246. Angle 258 may be selected according to 

calculated and/or modeled fluid dynamics in intended operating conditions such as 30 

temperature, working fluid, pressure, flow velocity, etc. The angle may be selected such 
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that slurry 212 flows approximately as shown by arrows 260, along distal face 234 and 

into the vortex cloud without separating from the distal face. 

Damage to distal face 234 of nozzle plate 226 may also be reduced by generating 

eddies in fluid flow at the distal face, to direct abrasive particles 216 away from the nozzle 

plate. Figs. 6-9 depict four examples of nozzle plate features effective in generating such 5 

eddy currents. In each example, distal surface 234 of nozzle plate 226 is bisected by a 

linear groove 262. Central aperture 230 is disposed in groove 262, and the groove 

extends a full diameter of the nozzle plate, from edge to edge. The groove may be 

described as having a long axis 264. In the depicted examples, groove 262 has a semi-

circular cross-sectional shape perpendicular to the long axis. 10 

In the example depicted in Fig. 7, nozzle plate 226 further includes a pair of arcuate 

recesses 266 in distal face 234. The arcuate recesses may also be referred to as grooves 

in the distal face. Arcuate recesses 266 are symmetrical, and symmetrically disposed on 

either side of groove 262. In the present example, each recess extends through 

approximately 60 degrees of arc, centered about central aperture 230. 15 

In the example depicted in Fig. 8, nozzle plate 226 further includes a plurality of 

linear recesses 268. The linear recesses may also be referred to as grooves in the distal 

face. Each recess extends radially outward from central aperture 230, but is spaced from 

the central aperture and groove 262. The plurality includes six recesses, with three 

recesses on each side of groove 262. All six recesses are the same length, each 20 

approximately a quarter of a radius of distal face 234. 

In the example depicted in Fig. 9, nozzle plate 226 similarly includes a plurality of 

linear recesses 268. Each recess extends radially outward from central aperture 230, but 

is spaced from the central aperture and groove 262. The plurality includes six recesses, 

with three recesses on each side of groove 262. A central one of each group of three 25 

recesses is longer than the two adjoining recesses. The central recesses are 

approximately one half of the radius of distal face 234, while the adjoining recesses are 

approximately one quarter of the radius. 

Distal face 234 may include additional and/or alternative structures effective in 

generating desired eddies, currents, or other flow dynamics. For example, the distal face 30 

may include a spiral recess and/or may include one or more raised portions or protrusions. 
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The depicted distal face configurations may be preferable for ease of manufacture and 

accordingly reduced cost. Particularly for hard, damage-resistant materials, simple linear 

and/or arcuate recesses may be easiest to manufacture while producing an effective fluid 

dynamic effect. 

Some or all of nozzle plate 226 may be comprised of a damage-resistant material. 5 

In the example depicted in Fig. 10, the nozzle plate includes a reinforced portion 270. The 

reinforced portion surrounds and defines central aperture 230 and opening 256, thereby 

providing damage resistance at a region of distal face 234 most subject to abrasive 

particle impact and erosion. In the present instance, reinforced portion 270 is a cylindrical 

insert of single crystal grown diamond.  10 

In some examples, such as those depicted in Figs. 6-9, nozzle plate 226 is entirely 

comprised of a damage resistant material. In general any sufficiently hard and impact 

resistant material may be used. Examples include cubic boron nitride, boron carbon 

nitride, metal boride, and materials based on nanostructured fullerene. Single crystal 

diamond, including synthetically grown and naturally diamond, may be preferable for 15 

greatest damage resistance. Diamond or others of the above listed hard materials may 

also be useful for improving longevity of nozzle plates used in cavitation peening without 

abrasives. 

In some examples, geometric design of nozzle plate 226 and/or a cap as described 

below, may alter flow dynamics sufficiently to reduce the level of hardness and impact 20 

resistance needed for the nozzle plate. In such examples, more common or inexpensive 

hard materials may have an acceptable lifespan. Examples include ceramics such as 

vanadium carbide and hard steels such as cold worked steel, oil hardened steel, air 

hardened steel, high speed steel, crucible steel, steel with a carbon content between 

approximately 0.5 percent (%) and 1.5%, and chromium-molybdenum steel (e.g. 4140 25 

steel). 

A material or combination of materials may be selected according to a desired 

balance of cost and longevity of nozzle plate 226. The materials chosen may be natural, 

synthetic, or combinations thereof. For example, a full diamond nozzle plate may be 

preferable for surface finishing of large parts or rough surfaces requiring long duration 30 

treatment, to avoid the need to replace the nozzle plate midway through treatment. 
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Whereas, a nozzle plate of a less expensive material such as hardened steel and/or 

including only a diamond insert may be preferable where frequent nozzle plate 

replacement is acceptable, in order to reduce cost. 

Fig. 11 depicts four examples of opening 256 of the central aperture of the nozzle 

plate, including a circular opening 272, an elliptical opening 274, a lozenge-shaped 5 

opening 276, and a lobular opening 278. Each shape may be only of opening 256, or may 

be a cross-sectional shape of the central aperture partially or entirely through the nozzle 

plate. An opening shape may be selected according to desired characteristics of the 

produced cavitation jet and resultant vortex cloud. 

Circular opening 272 may produce a simple cylindrical, swirling jet. Each of 10 

elliptical opening 274 and lozenge opening 276 may be described as elongate, having a 

long axis 265. The elongate openings with groove 262 may each produce a complex, 

generally fan shaped jet, wider in a dimension perpendicular to the long axis of the 

opening. Such a fan jet is depicted in Fig. 12. A fan-shaped jet may allow treatment of a 

larger area, without reducing cavitation intensity. Lobular opening 278 may be also be 15 

described as clover-shaped, and may achieve a Gaussian shaped treatment aspect with 

dimly defined borders. Such a treatment area may facilitate overlapping passes with the 

nozzle, for improved overall coverage of a workpiece surface. 

Illustrative features of a nozzle plate are depicted and described individually 

herein.  In general, one or more damage reducing and/or performance improving features 20 

of a nozzle plate as described above may be used in any desired combination. For 

example, a nozzle plate may be comprised of diamond, include an hourglass-shaped 

central aperture with an elongate opening, and have a distal face at an oblique angle to 

the fluid flow axis defined by the central aperture, the distal face including a bisecting 

groove and a plurality of radial recesses. 25 

Fig. 12 is an isometric view of cap 228 and an example of nozzle plate 226 as 

depicted in Fig. 6, including bisecting groove 262 and with opening 256 of central aperture 

230 having a lozenge-shape as depicted at 276 in Fig. 11. In the present example, long 

axis 265 of opening 256 is parallel the long axis of groove 262. In some examples, the 

long axes of the opening and the groove may be perpendicular, or may form an oblique 30 

angle. 



13 

In Fig. 12, cap 228 and nozzle plate 226 are depicted in operation, submerged in 

slurry 212 and producing vortex cloud 254. Due to the elongate shape of opening 256 

with groove 262, nozzle plate 226 produces a fan jet and resulting vortex cloud 254 is 

also fan-shaped. The cloud may also be described as wider in a direction perpendicular 

to long axis 265 of opening 256. In Fig. 12, the long axis of the opening is vertically 5 

oriented, producing a horizontally fanned cloud. The fanned cloud may have an elliptical 

treatment aspect, allowing peening of a larger surface area without reduced cavitation 

intensity. 

Vortex cloud 254 increases in vorticity with distance from opening 256. Proximate 

nozzle plate 226 the cloud may be described has having zero-order mode vorticity, or as 10 

having an elliptical ring shape. At further distances, the vorticity may transition to first-

order mode and second-order mode or a helix and double helix shape, respectively. 

Vorticity of cloud 254 may be stronger parallel long axis 265 of opening 256. 

Abrasive particles from slurry 212 may be entrained into cloud 254 by the vortex. 

As a result of the greater strength of the vortex along one axis, the abrasive slurry may 15 

fan out parallel to the vortex, as depicted in Fig. 13. In other words a projected jet of 

abrasive or an abrasive fan slurry 280 may form, which is wider in a direction 

perpendicular to long axis 265 of opening 256. As depicted, the kinetically excited 

abrasive particles fan out horizontally since the vortex cloud fans out horizontally. 

Entrainment of abrasive particles from slurry 212 may also be assisted by a slit 20 

282 in cap 228. The slit may be described as a linear recess or opening in a downstream 

or distal surface 284 of cap 228. As shown in Fig. 2, slit 282 is open to central channel 

238 of the cap. As can be seen in Figs. 12 and 13, the slit exposes central aperture 230 

of nozzle plate 226, allowing passage of the cavitating jet through cap 228. 

As shown in Figs. 12 and 13, cap 228 is generally cylindrical, but includes first and 25 

second opposing flat faces 288. Slit 282 extends across distal surface 284 from one flat 

face 288 to the other, and forms an opening in each flat face. In the present example, slit 

282 has a square cross-sectional shape and forms square openings in flat faces 288. In 

some examples, slit 282 may have a semi-circular shape and/or any shape effective in 

entraining abrasive particles. 30 
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Slit 282 bisects distal surface 284, and defines a long axis 267. In the present 

example, long axis 267 of slit 282 is perpendicular to long axis 265 of opening 256 and 

therefore is parallel the wider direction of abrasive fan 280. In some examples, the long 

axis of the slit may be parallel or form an oblique angle with the long axis of the opening. 

However, the long axes may preferably be perpendicular to achieve greatest entrainment. 5 

Fig. 14 depicts another example of cap 228, further including a central bore 286. 

The central bore is approximately circular, centered relative to central aperture 230 of 

nozzle plate 226, and may be described as intersecting or being open to slit 282. Central 

bore 286 is open to the central channel of cap 228, but smaller in diameter than nozzle 

plate 226, such that the cap may still effectively secure the nozzle plate to the hollow body 10 

of the nozzle. Central bore 286 may enhance the vorticity of the produced cloud of 

cavitation bubbles, thereby increasing cavitation intensity. 

In the present example, nozzle plate 226 and cap 228 are separate components, 

as shown in Figs. 12-14. In some examples, the plate and cap may comprise a single 

component and/or comprise part of a larger unitary nozzle assembly. However, use of 15 

separate components may allow manufacture of nozzle plate 226 from an impact resistant 

material, while cap 228 is manufactured from a different material that is less expensive, 

lighter and/or easier to work. Additionally, use of separate components may allow 

replacement of only a small component where a majority of impact damage occurs, such 

as nozzle plate 226. 20 

 

B.  Illustrative Method 

This section describes steps of an illustrative method 300 for cavitation abrasive 

surface finishing; see Fig. 15. Aspects of nozzles and/or nozzle components described 

above may be utilized in the method steps described below. Where appropriate, reference 25 

may be made to components and systems that may be used in carrying out each step. 

These references are for illustration, and are not intended to limit the possible ways of 

carrying out any particular step of the method. 

Fig. 15 is a flowchart illustrating steps performed in an illustrative method, and may 

not recite the complete process or all steps of the method. Although various steps of 30 

method 300 are described below and depicted in Fig. 15, the steps need not necessarily 
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all be performed, and in some cases may be performed simultaneously or in a different 

order than the order shown. 

At step 310, the method includes immersing a workpiece in an abrasive slurry. For 

example, the workpiece may be secured to a stage in a tank filled with the slurry, or 

secured to a rack and lowered into the tank. The workpiece may include any part or parts 5 

requiring abrasive surface finishing on one or more surfaces. The slurry may include 

particles of one or more abrasive media suspended in a liquid such as water. Selected 

slurry conditions such as particulate density, liquid temperature, and/or pressure may be 

maintained by an operator or control system. 

Step 312 of the method includes discharging a cavitating jet from a nozzle toward 10 

the workpiece. High pressure fluid such as water may be supplied to the nozzle by a 

pump, at selected pressure, flow rate, and/or temperature. The nozzle may be immersed 

in the abrasive slurry at a selected standoff distance from a surface of the workpiece to 

be treated. The nozzle may be translated relative to the workpiece surface by an operator 

and/or a motorized maneuverable mechanism such as a Computer Numerical Control 15 

(CNC) articulated or robotic arm, in order to scan the jet over and thereby treat the 

workpiece surface.  

Sub-step 314 of step 312 includes evening flow the discharged cavitating jet with 

a constriction and expansion of an aperture of the nozzle. The cavitating jet may be 

discharged through the aperture into the surrounding slurry, and flow dynamics of the jet 20 

may be altered by the internal geometry of the aperture. The constriction and expansion 

may be symmetrical, and described as an hour-glass shape. The constriction and 

expansion may prevent concentration of flow along a central axis of the jet, and increase 

flow at outer edges of the jet for more even treatment. 

Sub-step 316 of step 312 includes broadening the jet with an elongate cross-25 

section of the aperture. A downstream opening of the aperture may have an elongate 

shape such as an ellipse or a lozenge, resulting in a fan-shaped jet. The jet may be 

broader in a direction parallel to the elongation of the opening. Such broadening of the jet 

may increase a treatment surface area of the jet, thereby reducing overall treatment time 

for the workpiece. 30 
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At step 318, the method includes energizing particles of the abrasive with the 

cavitating jet. The cavitating jet may interact with the surrounding abrasive slurry to 

produce a vortex cloud of cavitation bubbles. Vortex action of the cloud may draw in and 

entrain abrasive particles from the surrounding slurry. Collapse of the cavitation bubbles 

may impart kinetic energy to the entrained abrasive particles.  5 

Sub-step 320 includes entraining the particles into the jet with a linear slit in a distal 

cap of the nozzle. The slit may be open to and expose the aperture of the nozzle. In some 

examples, the cap may secure a nozzle plate or other component of the nozzle in place. 

The slit may be linear, and square in cross-section. The slit may extend perpendicular to 

a long axis of the elongate opening of the aperture, such that the slit is parallel to a wider 10 

dimension of a fan of entrained abrasive particles produced by asymmetrical vortex 

strength resulting from the broadened cavitating jet. 

Sub-step 322 includes directing energized particles away from a distal surface of 

the nozzle with a groove in the surface. The surface may be of a nozzle plate, or other 

component of the nozzle including the aperture of the nozzle. The groove may be 15 

configured to generate an eddy current proximate the distal surface of the nozzle, and 

may have any effective shape and/or the distal surface may include a plurality of grooves. 

For example, the distal surface may be bisected by a linear groove, may include one or 

more arcuate grooves, and/or may include a plurality of radial groove sections. 

Step 324 includes removing material from the workpiece with the energized 20 

particles. The particles may impact the workpiece surface with sufficient energy to remove 

material. Impact force and the amount of material removed may depend on cavitation 

intensity and therefore the amount of energy imparted to the particles, as well as the 

selected abrasive or abrasives. Collectively the energized particles may remove a layer 

of material from the workpiece. For example, the particles may remove a rough surface 25 

layer such as those produced by additive manufacturing processes or eliminate an alpha 

case layer such as that resulting from high temperature processing of titanium. The 

surface of the workpiece may be concurrently peened by the collapsing cavitation bubbles 

of the produced vortex cloud. 

 30 
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Illustrative Combinations and Additional Examples 

This section describes additional aspects and features of damage tolerant nozzles 

and related systems and methods, presented without limitation as a series of paragraphs, 

some or all of which may be alphanumerically designated for clarity and efficiency. Each 

of these paragraphs can be combined with one or more other paragraphs, and/or with 5 

disclosure from elsewhere in this application, in any suitable manner. Some of the 

paragraphs below expressly refer to and further limit other paragraphs, providing without 

limitation examples of some of the suitable combinations. As such, the disclosure 

comprises examples according to the following clauses: 

 10 

A0. A cavitation nozzle, comprising: 

 a plate having a central aperture and a distal surface, wherein the distal surface is 

bisected by a groove, 

 a hollow body configured to deliver high pressure fluid through the central aperture, 

and 15 

 a cap removably engaged with the hollow body, holding the plate against a distal 

end of the hollow body, 

wherein the high pressure fluid delivered to the central aperture is discharged as 

a cavitating jet. 

 A1. The nozzle of A0, wherein the distal surface of the plate includes a plurality 20 

of recesses. 

 A2. The nozzle of A1, wherein the plurality of recesses include a pair of arcuate 

recesses disposed on opposing sides of the bisecting groove. 

 A3. The nozzle of A1 or A2, wherein the plurality of recesses include radial 

linear sections, and are symmetric about the bisecting groove. 25 

 A4. The nozzle of any of A0-A3, wherein the distal surface has a frusticonal 

shape. 

 A5. The nozzle of any of A0-A4, wherein the plate comprises a diamond crystal 

material. 

 A6. The nozzle of A5, wherein the plate includes a diamond portion, the 30 

diamond portion immediately surrounding the central aperture. 
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 A7. The nozzle of any of A0-A6, wherein the cap includes a central channel that 

receives the plate and the distal end of the hollow body. 

 A8. The nozzle of A7, wherein the cap includes a linear slit perpendicular to the 

central channel and in fluid communication with the central channel, such that the 

cavitating jet discharged from the central aperture of the plate is discharged through the 5 

slit. 

 A9. The nozzle of A8, wherein the slit is configured to entrain particles from a 

fluid environment into the discharged cavitating jet. 

 A10. The nozzle of A8 or A9, wherein the slit includes a circular opening 

concentric with the central channel. 10 

A11. The nozzle of any of A0-A10, wherein the central aperture of the plate has 

an elongate cross-sectional shape perpendicular to a direction of fluid flow. 

A12. The nozzle of A11, wherein the central aperture has a constant width 

perpendicular to the direction of fluid flow. 

 A13. The nozzle of any of A0-A12, wherein the central aperture of the plate 15 

includes a constriction and an expansion. 

 A14. The nozzle of A13, wherein the central aperture has an hour-glass cross-

sectional shape, parallel a direction of fluid flow.  

 A15. The nozzle of any of A0-A14, wherein the plate comprises one or more of 

the following materials: cubic boron nitride, carbon nitride, boron carbon nitride, metal 20 

boride, and nanostructured fullerene. 

A16. The nozzle of any of A0-A15, wherein the plate comprises one or more of 

the following materials: cold worked steel, oil hardened steel, air hardened steel, high 

speed steel, crucible steel, steel with a carbon content between approximately 0.5 and 

1.5 percent, chromium-molybdenum steel, and vanadium carbide. 25 

 B0. A cavitation system, comprising: 

 a tank containing a slurry of water and abrasive media, 

 a nozzle submerged in the slurry, including: 

a plate having a central aperture and a distal surface, wherein the distal 

surface is bisected by a groove, 30 
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a hollow body configured to deliver high pressure fluid through the central 

aperture, and 

a cap removably engaged with the hollow body, holding the plate against a 

distal end of the hollow body, 

wherein the high pressure fluid delivered to the central aperture is discharged into 5 

the slurry to form a cloud of cavitation bubbles and energized abrasive particles. 

 B1. The cavitation system of B0, wherein the nozzle is the nozzle of any of A0-

A14. 

C0. A cavitation  nozzle, comprising: 

 a plate comprised of diamond crystal material, having a distal face and a central 10 

aperture defining a fluid flow axis, and 

 a hollow body configured to deliver high pressure fluid through  the central aperture 

as a cavitating jet. 

C1. The cavitation nozzle of C0, wherein the distal face of the plate has a first 

groove. 15 

C2. The cavitation nozzle of C1, wherein the first groove bisects the distal face 

of the plate. 

C3. The cavitation nozzle of C2, wherein the distal face has plural radial 

grooves. 

C4. The cavitation nozzle of any of C1-C3, wherein the first groove intersects 20 

the fluid flow axis. 

C5. The cavitation nozzle of any of C1-C4, wherein the first groove is linear. 

C6. The cavitation nozzle of any of C1-C5, wherein the first groove is curved. 

C7. The cavitation nozzle of any of C0-C6, wherein the central aperture of the 

plate has an elongate cross-sectional shape perpendicular to the fluid flow axis. 25 

C8. The cavitation nozzle of any of C0-C7, further including a cap removably 

engaged with the hollow body, holding the plate against a distal end of the hollow body 

C9. The cavitation nozzle of C8, wherein the cap has a distal surface 

downstream from the distal face of the plate. 

C10. The cavitation nozzle of C9, wherein the distal surface of the cap is bisected 30 

by a slit having a long axis perpendicular to the fluid flow axis. 
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C11. The cavitation nozzle of C10, wherein the central aperture of the plate is 

elongate, having a long axis perpendicular to the long axis of the slit of the cap.   

C12. The cavitation nozzle of any of C0-C11, wherein the distal face of the plate 

forms an angle of less than ninety degrees with the fluid flow axis. 

D0. A cavitation nozzle, comprising: 5 

a plate having a distal face and a central aperture defining a fluid flow axis,  

a hollow body configured to deliver high pressure fluid through the central aperture 

as a cavitating jet, and 

a cap removably engaged with the hollow body, holding the plate against a distal 

end of the hollow body, wherein the cap has a slit bisecting a distal surface, exposing the 10 

central aperture of the plate. 

D1. The cavitation nozzle of D0, wherein the plate has a groove bisecting the 

distal face. 

D2. The cavitation nozzle of D1, wherein the slit has a long axis, and the groove 

has a long axis perpendicular to the long axis of the slit,  15 

D3. The cavitation nozzle of D1 or D2, wherein the central aperture has an 

elongate cross-section. 

D4. The cavitation nozzle of any of D1-D3, wherein the groove has a long axis, 

and the central aperture has a long axis parallel to the long axis of the groove. 

D5. The cavitation nozzle of any of D0-D4, wherein the plate is comprised of 20 

diamond crystal material. 

E0. A cavitation nozzle, comprising: 

a plate having a distal face and a central aperture defining a fluid flow axis, the 

distal face forming an acute angle with the fluid flow axis, 

a hollow body configured to deliver high pressure fluid through the central aperture 25 

as a cavitating jet, and 

a cap removably engaged with the hollow body, holding the plate against a distal 

end of the hollow body.  

E1. The cavitation nozzle of E0, wherein the plate is comprised of diamond 

crystal material. 30 
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E2. The cavitation nozzle of E0 or E1, wherein the plate has a groove bisecting 

the distal face. 

E3. The cavitation nozzle of E2, wherein the central aperture has a long axis 

parallel to a long axis of the groove. 

E4. The cavitation nozzle of any of E0-E3, wherein the plate is comprised of 5 

hardened steel. 

E5. The cavitation nozzle of any of E0-E4, wherein the plate is comprised of 

fullerene. 

E6. The cavitation nozzle of any of E0-E5, wherein the plate is comprised of a 

nano-structured material. 10 

E7. The cavitation nozzle of any of E0-E6, wherein the plate is comprised of a 

nitride compound with at least one of boron and carbon. 

F0. A method of cavitation abrasive surface finishing, comprising: 

immersing a workpiece in a mixture of a liquid and an abrasive, 

discharging a cavitating jet through a central aperture of a plate of a nozzle, toward 15 

a surface of the workpiece, 

energizing particles of the abrasive with the cavitating jet, 

directing the energized particles away from the plate of the nozzle with a groove in 

a distal face of the plate, and 

 removing material from the surface of the workpiece with the energized particles. 20 

F1. The method of F0, further including evening flow of the cavitating jet with a 

constriction and an expansion of the central aperture. 

F2.  The method of F0 or F1, further including broadening the cavitating jet with 

an elongate cross-section of the central aperture. 

F3.  The method of any of F0-F2, further including entraining the particles of the 25 

abrasive into the cavitating jet with a linear slit in a cap securing the plate. 

G0. A cavitation  nozzle, comprising: 

 a plate having a distal face and a central aperture defining a fluid flow axis, and 

 a hollow body configured to deliver high pressure fluid through  the central aperture 

as a cavitating jet, 30 
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wherein the plate comprises one or more of the following materials: cubic boron 

nitride, carbon nitride, boron carbon nitride, metal boride, nanostructured fullerene, cold 

worked steel, oil hardened steel, air hardened steel, high speed steel, crucible steel, steel 

with a carbon content between approximately 0.5 and 1.5 percent, chromium-

molybdenum steel, and vanadium carbide. 5 

Advantages, Features, and Benefits 

The different examples of the nozzle described herein provide several advantages 

over known solutions for cavitation peening in an abrasive environment. For example, 

illustrative examples described herein allow simple replacement of a nozzle component 

most subject to abrasive damage.  10 

Additionally, and among other benefits, illustrative examples described herein 

increase useful nozzle lifetime by use of a damage resistant material.  

Additionally, and among other benefits, illustrative examples described herein 

decrease abrasive damage by forming eddies at a distal nozzle surface to direct away 

energized abrasive particles.  15 

Additionally, and among other benefits, illustrative examples described herein 

decrease abrasive damage by reducing and/or eliminating flow separation regions.  

Additionally, and among other benefits, illustrative examples described herein 

improve abrasive entrainment into the cavitating jet produced by the nozzle.  

Additionally, and among other benefits, illustrative examples described herein 20 

decrease treatment times by increasing jet coverage and homogenizing flow. 

Additionally, and among other benefits, illustrative examples described herein 

allow overlapping treatment by producing a Gaussian treatment aspect with a dimly 

defined boundary. 

No known system or device can perform these functions, particularly while 25 

achieving high intensity cavitation peening. Thus, the illustrative examples described 

herein are particularly useful for cavitation abrasive surface finishing. However, not all 

examples described herein provide the same advantages or the same degree of 

advantage. 

 30 
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Conclusion 

The disclosure set forth above may encompass multiple distinct examples with 

independent utility. Although each of these has been disclosed in its preferred form(s), 

the specific examples thereof as disclosed and illustrated herein are not to be considered 

in a limiting sense, because numerous variations are possible. To the extent that section 5 

headings are used within this disclosure, such headings are for organizational purposes 

only. The subject matter of the disclosure includes all novel and nonobvious combinations 

and subcombinations of the various elements, features, functions, and/or properties 

disclosed herein. The following claims particularly point out certain combinations and 

subcombinations regarded as novel and nonobvious. Other combinations and 10 

subcombinations of features, functions, elements, and/or properties may be claimed in 

applications claiming priority from this or a related application. Such claims, whether 

broader, narrower, equal, or different in scope to the original claims, also are regarded as 

included within the subject matter of the present disclosure. 
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CLAIMS 

 

1. A cavitation nozzle, comprising: 

 a plate having a central aperture and a distal surface, wherein the distal surface is 

bisected by a groove, 5 

 a hollow body configured to deliver high pressure fluid through the central aperture, 

and 

 a cap removably engaged with the hollow body, holding the plate against a distal 

end of the hollow body, 

wherein the high pressure fluid delivered to the central aperture is discharged as 10 

a cavitating jet. 

 

 2. The nozzle of claim 1, wherein the plate comprises a diamond crystal 

material. 

 15 

 3. The nozzle of claim 1, wherein the plate comprises one or more of the 

following materials: cubic boron nitride, carbon nitride, boron carbon nitride, metal boride, 

and nanostructured fullerene. 

 

 4. The nozzle of claim 1, wherein the plate comprises one or more of the 20 

following materials: cold worked steel, oil hardened steel, air hardened steel, high speed 

steel, crucible steel, steel with a carbon content between approximately 0.5 and 1.5 

percent, chromium-molybdenum steel, and vanadium carbide. 

 

 5. The nozzle of any one of claims 1-4, wherein the distal surface has a 25 

frusticonal shape. 

 

 6. The nozzle of any one of claims 1-5, wherein the central aperture of the 

plate includes a constriction and an expansion. 

 30 
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 7. The nozzle of any one of claims 1-6, wherein the distal surface of the plate 

includes a plurality of recesses. 

 

 8. The nozzle of claim 7, wherein the plurality of recesses include a pair of 

arcuate recesses disposed on opposing sides of the bisecting groove. 5 

 

 9. The nozzle of claim 7, wherein the plurality of recesses include radial linear 

sections, and are symmetric about the bisecting groove. 

 

 10. The nozzle of any one of claims 1-9, wherein the cap includes a central 10 

channel that receives the plate and the distal end of the hollow body. 

 

 11. The nozzle of claim 10, wherein the cap includes a linear slit in fluid 

communication with the central channel, such that the cavitating jet discharged from the 

central aperture of the plate is discharged through the slit. 15 

 

 12. The nozzle of claim 11, wherein the slit includes a circular opening 

concentric with the central channel. 

  

13. The nozzle of any one of claims 1-12, wherein the central aperture of the 20 

plate has an elongate cross-sectional shape perpendicular to a direction of fluid flow. 

 

14. A cavitation nozzle, comprising: 

a plate having a distal face and a central aperture defining a fluid flow axis,  

a hollow body configured to deliver high pressure fluid through the central aperture 25 

as a cavitating jet, and 

a cap removably engaged with the hollow body, holding the plate against a distal 

end of the hollow body, wherein the cap has a slit bisecting a distal surface, exposing the 

central aperture of the plate. 

 30 



26 

15. The cavitation nozzle of claim 14, wherein the plate has a groove bisecting 

the distal face. 

 

16. The cavitation nozzle of claim 15, wherein the slit has a long axis, and the 

groove has a long axis perpendicular to the long axis of the slit.  5 

 

17. The cavitation nozzle of claim 15, wherein the central aperture has an 

elongate cross-section. 

 

18. The cavitation nozzle of claim 15, wherein the groove has a long axis, and 10 

the central aperture has a long axis parallel to the long axis of the groove. 

 

19. The cavitation nozzle of claim 14, wherein the plate is comprised of diamond 

crystal material. 

 15 

20. A cavitation system, comprising: 

 a tank containing a slurry of water and abrasive media, 

 a nozzle submerged in the slurry, including: 

a plate having a central aperture and a distal surface, wherein the distal 

surface is bisected by a groove, 20 

a hollow body configured to deliver high pressure fluid through the central 

aperture, and 

a cap removably engaged with the hollow body, holding the plate against a 

distal end of the hollow body, 

wherein the high pressure fluid delivered to the central aperture is discharged into 25 

the slurry to form a cloud of cavitation bubbles and energized abrasive particles. 

 




