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a b s t r a c t 

The paper shows visualization of cavitation inside a micro-Venturi channel. While the initial aim of the 

study was to establish supercavitating conditions inside a micro-Venturi, yet we found that this regime 

is suppressed due to the formation of a Kelvin-Helmholtz instability, which triggers a semi periodical 

attached cavity collapse. In depth observations using high speed imaging with visible light and X-rays 

revealed that this is, besides the re-entrant jet and the shock wave, a third mechanism leading to the 

shedding of cloud cavitation. In addition, a simple model was proposed which explains the formation of 

the Kelvin-Helmholtz instability in cavitating micro-Venturi and also offers explanation on why this is 

the dominant mechanism of cavitation cloud shedding at small scales. 

© 2021 The Author(s). Published by Elsevier Ltd. 
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. Introduction 

Cavitation, characterized as inception, growth, and collapse of 

mall vapour-gas bubbles is a physical phenomenon caused by a 

ocal change in the pressure. In hydraulic machinery it is often 

n undesirable and, in many cases, unavoidable, phenomenon. It 

auses vibration, noise, deterioration of efficiency, and even ero- 

ion of the elements of the flow tract. 

It is known that cavitation behavior and its dynamics may 

hange when scaling down the flow tract ( Medrano et al., 2011 ;

ishra and Peles, 2005 ). At larger scales (order of centimeters) 

ne of the most distinctive characteristics of developed cavita- 

ion is the process of cavitation cloud shedding. Detailed stud- 

es by Dular et al. (20 05b , 20 07 ), Ganesh et al. (2016 , 2017 ) and

aberteaux and Ceccio (20 01a , 20 01b ) helped to reveal two mech-

nisms that govern the shedding process: 

• Re-entrant jet: due to the differences in the pressure inside and 

outside of the attached cavity, the flow, which passes it, devi- 

ates towards the surface of the submerged object A stagnation 

point forms just downstream of the attached cavity closure line 

and separates the flow into upstream and downstream parts. 

The former enters the attached cavity, and upon losing the mo- 

mentum, causes its separation - forming a detached cavitation 

cloud. It is then carried downstream, where it enters a higher- 
∗ Corresponding author. 
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pressure region and collapses. The process then repeats period- 

ically. 
• Shock wave: the collapse of the cavitation cloud causes a shock 

wave that spreads through the flow field. As it travels upstream, 

it suppresses the attached cavity. When the discontinuity in 

void fraction reaches the region of cavity attachment at the 

wedge apex, a large vapour cloud is shed. Later on, the cavity 

grows again and the process repeats. 

With decreasing the size, the viscous forces start to become rel- 

vant as the Reynolds number drops. It was shown for example by 

ular et al . (2012) that at a scale of several millimeters and below

he re-entrant jet cannot fully develop – mainly due to a relatively 

arger bubbles compared to the size of the flow tract. As a result, 

he cavitation cloud shedding process ceases its periodic behavior 

nd becomes chaotic. 

Microfluidics is an exciting filed of research as it offers the pos- 

ibility of using minute quantities of precious or toxic fluids, al- 

owing us to study different fundamental phenomena in fluid dy- 

amics ( Ayela et al., 2013 ; Kim et al., 2017 ; Podbevsek et al., 2018 ;

tieger et al., 2017 ). However, by reducing the size of the chan- 

els to a sumbilimeter scale new properties of the flow are re- 

ealed. As the Reynolds number drops, the viscous and surface ten- 

ion forces start to affect the dynamics of the vapor bubbles, what 

esults in effect such as increased discrepancies in inception and 

esinent cavitation numbers due to lack of cavitation nuclei – liq- 

id metastability ( Medrano et al., 2012 ; Mishra and Peles, 2005 ). 

hese are mostly consequences from the reduction of free stream 
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uclei and a lack of nucleation on channel walls ( Medrano et al., 

011 ). 

There are some mentions that Kelvin-Helmholz instabilities 

ould exist in cavitating flow. Franc (2006 ) mentions its ap- 

earance in a single phase flow downstream of the separa- 

ion point and discusses its cntribution to the cavitation incep- 

ion. Aeschlimann et al. (2012) observed it in cavitating shear 

ayer. Shao et al. (2018) performed measurements on a super- 

avitating bluff body and observed Kelvin-Helmholtz instability 

ear its closure. Kong et al . (1999) discuss cavitation in diesel 

njector nozzle where they mention the occurrence of Kelvin- 

elmholtz instability and its importance on the jet breakup. Simi- 

arly, Tonini (2006) relates it to the mechanism of jet atomisation. 

inally, Brandner et al. (2010) observed it at high cavitation num- 

ers inside the separating laminar shear layer and relates it to cav- 

ty breakdown. 

Looking at the past works, the scientific community is well 

ware of the Kelvin-Helmholtz instability presence in cavitating 

ow, yet only few associate it with the global behaviour of the cav- 

tation cloud shedding process. Till now no detailed study has been 

erformed in terms of investigating Kelvin-Helmholtz instability as 

ne of possible governing cavitation shedding mechanisms at fully 

eveloped cavitating flow. 

Understanding the cavitation dynamics on a submillimeter scale 

s of a crucial importance for applications in the automotive indus- 

ry. In fuel injection systems, the fuel is sprayed into the cylinder 

hrough a nozzle with a diameter of much smaller than a millime- 

er. While cavitation is always present, on one hand its appearance 

s desirable, as is promotes atomization of the fuel, leading to more 

fficient combustion, but on the other hand it causes erosion to 

he nozzle. An in-depth understanding of cavitation dynamics on 

hese small scales is therefore essential for optimization. The sec- 

nd application is water treatment, where cavitation and its effects 

re used to destruct bacteria or inactivate viruses. For such appli- 

ation it is sometimes essential to establish supercavitating con- 

itions in relatively compact channels ( Šarc et al., 2018 ). Thus, an 

nderstanding of small-scale instabilities in such geometries is of 

rucial importance. 

. Experimental set-up 

Experiments were performed at University of Ljubljana (Slove- 

ia), Otto von Guericke University Magdeburg (Germany) and at 

rgonne National Laboratory – Advance photon source (USA). In all 

ocations the same experimental setup was used. 

.1. Venturi section and the test rig 

The experimental set-up is shown in Fig. 1 . Venturi microchan- 

els are made of 450μm thick stainless-steel sheets that in- 
ig. 1. Schematic presentation of the experimental set-up, with individual elements: gear

enturi) (5), safety valve (6). 

2 
lude a laser cut convergent-divergent constriction by sandwich- 

ng them between two acrylic glass plates of 10mm thickness, 

ee Fig. 1 (right, test section side view). The convergent-divergent 

18 °–10 °) constriction has a throat height of 675 μm. The wall 

hickness along the constriction ( Fig. 1 – Observation area) has 

een thinned to 2 mm, to minimize the X-ray absorption in the 

crylic and provide better phase contrast. Inlet and outlet holes are 

rilled into the back layer of the acrylic glass plate to allow for the 

onnecting tubes to feed the liquid into and out of the channel. 

oles around the cut-out geometry are fitted with bolts to seal and 

lace the sandwich test section together. The four bottom holes are 

sed to mount the test section. 

A small gear pump (1) transports liquid from the reservoir (2) 

hrough the 10μm nylon and 1μm glass fiber filter (3). The back- 

ressure regulator (4) limits the flow on the primary line of the 

etup, therefore setting the upstream pressure in the micro-Venturi 

5). A safety relief valve (6) is installed in the system to prevent 

ver-pressurization in case of clogging or user error. The flow from 

he channel and the two valves is then gathered back to the reser- 

oir. 

Experiments were performed at various operating conditions. 

rom all results the same conclusions could be made. In the pa- 

er we only show results obtained at upstream pressure of 6 bar 

nd mass flow rate of 11.9 g/s. At these conditions the flow veloc- 

ty in the throat was approximately 39 m/s, leading to Re number 

f Re = 210 0 0 and cavitation number σ= 0.785. 

.2. High speed visualization 

Images were captured by either CMOS high speed cameras 

Photron SA-Z and Photron Mini AX200) at a framerate of typically 

0 0,0 0 0 fps. At this rate the image resolution was 384 × 176 pix-

ls (25 μm/pixel for an integral view and 8 μm/pixel for a detailed 

iew). 

A modellocked fiber-based femtosecond laser (EXPLA FemtoLux 

, 515 nm wavelength) was used for backlite illumination. Approx- 

mately 200 fs long laser pulses were synchronized with the image 

cquisition such that a single laser pulse illuminated each frame. 

his technique allowed us to avoid all motion blurring and imag- 

ng of the shock waves if present. 

.3. Synchrotron measurements 

High speed X-ray visualization was performed at the Argonne 

ational Laboratory – Advance photon source. A Photron SA-Z 

igh-speed camera recorded the image projected onto a scintillator 

creen with a 7.5 × magnification, allowing us to capture a 1.3 × 1.3 

m image, which is roughly the size of the X-ray beam. We used 

very fourth pulse from the beam, which led to a frame rate of 
 pump (1), reservoir (2), filter (3), back pressure regulator (4), test section (micro- 
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7,888 fps. The X-ray beam energy was adjusted with the undula- 

or gap, between 7 to 40 keV. 

The phase contrast imaging technique, explained in detail in 

 Khlifa et al., 2017 ), allows for imaging throughout the depth of the

hannel, revealing details that would be unseen or likely misinter- 

reted in classical backlight high-speed imaging. The bubble inter- 

hase that is parallel to the incoming beam attenuates the light 

reating regions of low and high intensity on the projected scintil- 

ator screen, which then converts the X-ray to visible light that is 

ecorded by the high speed camera. 

. Results 

.1. General observations 

Fig. 2 shows typical images of the Kelvin-Helmholtz instabil- 

ty occurrence in two different micro-Venturi channels. The flow 

s from the left tot the right. 

The selected images do not belong to the same sequence and 

re shown only as a representation of the cavitation structure 

opology in the channel. We can obviously observe the rise of the 

nterface and the subsequent roll-up of the waves, that eventually 

eads to the gradual collapse of the attached cavitation structure. 

he size of the channel does not play a significant role in the pro-

ess as long it is small enough. At large dimension the attached 

avity will consist of a number of small cavitation bubbles (cloud 

f bubbles), but when the throat of the channel is small enough 

compared to the size of cavitation bubbles) a single attached cav- 

ty will form (its topology is discussed in more detail later on), and 

his is the needed condition for the onset of the instability. The rel- 

tive size and probability of occurrence of the instability grows as 

he channel size is reduced. In the following we show data only 

or the case of a larger channel (675 × 450 μm), since all the rea-

oning applies to both scales. 

Fig. 3 provides an overview of the important flow features, 

hich were observed in the Venturi microchannel. 
ig. 2. Examples of Kelvin-Helmholtz instability occurrence in two different Ven- 

uri microchannels (left column: throat cross-section 225 × 450 μm, right column 

hroat cross-section 675 × 450 μm; both Venturis have a 18 ° convergent and 10 °
ivergent angles). 

ig. 3. General observations of the phenomena, which are unique for developed 

avitation in Venturi microchannels. We observe single attached cavitation bubble, 

hich is destabilised by the Kelvin-Helmholtz instability. The shedded cavities are 

ery small and do not collapse violently enough to cause detectable shock wave 

mission. 
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Similar to our previous study of cavitation in milichannels 

 Dular et al., 2012 ) we find that cavitation in one respect resembles

he condition of supercavitation – we see a single stretched cavi- 

ation bubble with a clear vapour-liquid interface. But in contrast 

o its macroscopic manifestation the one in the micro-Venturi is 

ot stable. Its size oscillates periodically to large extent and small 

avitation structures are shed from its closure. A second difference 

o the larger scales ( Petkovšek et al., 2020 ) is that no shock waves

re observed, that should be clearly visible with the femtosecond 

ulsed laser illumination. Instead at interface between the quasi 

upercavitating bubble and the liquid jet is wavy and oscillating. 

e identify this shape as a result of the Kelvin Helmholz instabil- 

ty. It will be shown later that this instability is not only causing 

he oscillation of the attached cavity but also results in the shed- 

ing of cavitation clouds. 

Overall, four phenomena, which are generally not evident in de- 

eloped cavitating flow in channels with larger dimensions, could 

e determined. Namely i) formation of a single attached cavitation 

ubble, ii) no shedding of larger cavities, iii) formation of Kelvin- 

elmholtz instability and iv) the absence of shock waves from 

hedded cavity collapse. In the following sections each observation 

n more thoroughly discussed. 

.1.1. Single attached cavitation bubble 

In our previous investigation of cavitation in milli-channel 

 Dular et al., 2012 ) we found that reducing the effective diame- 

er of the channel from d nom 

= 10 mm to d nom 

= 3 mm con-

iderably alters the structure of the cavity. In larger channels the 

ttached cavity is always composed of numerous cavitation bub- 

les, while in the smaller channels, the vapor structure consists 

f finite number of large (compared to the section size) individual 

ubbles. This was later again shown by fast X-ray imaging ( Coutier- 

elgosha et al., 2009 ; Khlifa et al., 2017 ). The flow that we observe

n the present micro-Venturi channel supports (and “extrapolates”) 

he findings in the milli-scale channels. A large (compared to the 

ection size) single cavitation bubble stretches from the inception 

oint downstream until the pressure increases well above the satu- 

ation pressure. With its clear single bubble interface, the topology 

s such resembles supercavitation found in macroscopic flows, but 

n contrast to macroscopic flow, it is only short lived here, due to 

he onset of the Kelvin-Helmholtz instability, which destabilizes it. 

herefore, we could call this regime unstable quasi-supercavitation. 

.1.2. Kelvin-Helmholz instability 

The attached single cavitation bubble stretches from the incep- 

ion point and grows up to its largest extent, where a stagnation 

oint forms near its closure. As the bubble ceases to grow, a shear 

ow between the bubble interface and the liquid jet above forms. 

his discontinuity in the velocity induces vorticity at the interface, 

hich becomes unstable, grows and eventually rolls up into a spi- 

al. The roll-up causes separation of small cavities and pushes the 

tagnation point further upstream. The process is continuous and 

eases at the moment the inertial and surface tension forces over- 

ome the instability. This is the case when the local static pres- 

ure is low enough for the cavity to grow at a velocity close to the

elocity of the liquid jet, thus minimizing the shear between the 

hases. 

Although Kelvin-Helmholtz instabilities are likely to occur in 

arger scale flows, too, yet their “strength” and importance for the 

eneral dynamics is marginal at fully developed cavitating flow. In 

arger channels instead the re-entrant jets and shock wave induced 

avitation cloud shedding are dominant. This is due to the fact that 

he time constant of the Kelvin Helmholtz instability is longer and 

ts effect may also be diminished by the 3D flow conditions, which 

s not the case inside the Venturi microchannel. 
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Fig. 4. A sequence showing one cycle of a typical shedding period in a 

675 × 450 μm Venturi channel. The time difference between two images is 0.1ms. 

In images No. 2, 3, 8, 9 and 10 one can observe the occurrence of Kelvin-Helmholtz 

instability. 

Fig. 5. A sequence taken during an experimental campaign by fast x-ray imaging 

in a 675 × 450 μm Venturi channel. The time difference between two images is 

0.1 ms. One can clearly observe the occurrence of Kelvin-Helmholtz instability from 

frame 2 to 7, with the following frames showing the breakup of the attached single 

cavitation bubble. 
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.1.3. Small shedded cavities 

In macro channel developed cavitating flow is characterized by 

hedding of large vaporous structures (clouds of bubbles), although 

ecently, observations of secondary small-scale cavities were also 

eported by Arabnejad et al. (2019 Gnanaskandan and Mahesh 

2016 ). The frequency of shedding is overall governed by the 

trouhal number, which typically lies in the range between 0.1 and 

.5 ( Dular and Bachert, 2009 ): 

tr = 

f · L 

v 
= 0 . 1 . . . 0 . 5 . (1) 

It is important to note that a precise definition of the vari- 

bles for the Strouhal number is somewhat arbitrary. Hence the 

trouhal number law ( Eq. (1 )) as such, can lead to misleading in-

erpretations ( Dular and Bachert, 2009 ). Usually, v refers to the 

ree stream velocity, L to the length of the attached cavity, just be- 

ore the cloud separation, while f is the cloud shedding frequency. 

In milli-channel it is observed that the confinement of the cav- 

ty, together with the growing ratio between the bubble size and 

he throat size, contribute to an inability of the reverse flow to cut 

he cavity and provoke its partial detachment ( Dular et al., 2012 ). 

his leads to a more or less pronounced low-frequency oscillations 

f the attached cavity in absence of shedding. The value of the 

trouhal number therefore reduces significantly. The shedding in- 

ide the present Venturi microchannel is governed by the Kelvin 

elmholtz instability. Small cavitation structures are continuously 

hed from the cavity closure line which is rolled up as a result 

f the fully developed Kelvin Helmholtz instability. The dynamics 

f small cavity shedding appears similar to the one reported by 

rabnejad et al. (2019 ) in larger channels, but there it is a result of

ither re-entrant jet or detachment due to rollup and not due to 

he Kelvin-Helmholtz instability. 

This process is interrupted from the moment the attached cav- 

tation bubble reaches its smallest size to the instant the largest 

ize is reached and the onset of the rollup due to the Kelvin- 

elmholtz instability shortly later. Continuous shedding is then 

epeated and lasts approximately one order of magnitude longer 

han the no-shedding period. 

.1.4. Absence of shock waves 

Numerous studies report emissions of shock waves at cavita- 

ion cloud collapses (for example ( Petkovšek et al., 2020 )). These 

re related to a number of unwanted effects of cavitating flow –

rosion, noise, vibration. In the present configuration we could not 

bserve any shockwaves, despite the used technique was the same, 

nd even improved one, that has been used previously in macro- 

copic channels. A possible explanation for that may be, that the 

ollapse of the small shedded cavitation bubbles is significantly 

lowed down by the presence of the nearby channel walls – an 

ffect which would not take place in a larger channel. Such weak- 

ned collapse pressure waves would be difficult to detect with the 

urrent pulsed laser setup. 

.2. The dynamics of cavitation cloud shedding 

Particularly interesting is the onset of the Kelvin-Helmholtz in- 

tability and its contribution to the dynamics of cavitation struc- 

ure shedding process. Fig. 4 shows a typical cycle of the attached 

avity oscillation. 

From the observation of the entire flow field ( Fig. 4 ) it is ob-

ious that the process of destabilization of the attached cavitation 

ocket is initiated at the cavity closure line. The attached cavity 

rstly grows to the size shown in frame (1), where one can see the 

ully extended attached cavitation bubble. Due to the divergent an- 

le of the Venturi the flow velocity decreases, and the pressure in- 

reases to a value at which further growth is limited. At the cavity 
4 
losure line the re-entrant jet builds up (frame 2). As the growth 

f the cavity stagnates, significant shear flow forms between the 

apour and the liquid at the interface. The rear part of the cav- 

ty begins to oscillate mildly that affects the pressure balance. A 

ecreased gap between the interface and the upper channel wall 

orces the liquid jet to accelerate, what induces a local drop in the 

ressure above the interface. A newly established pressure differ- 

nce pushes the interface further and the disturbance grows. At 

he same time the shear flow stretches the interface and by this 

uilds a vortex - the Kevin-Helmholtz instability forms. As the in- 

erface curls up, it becomes unstable and eventually breaks up, 

hedding multiple small vaporous cavities (possibly single bubbles) 

ownstream (frames 3 to 5). The new cavity closure line moves 

pstream and the process is continued until a low-pressure region, 

loser to the throat of the Venturi is reached (frame 6). At this 

oint the cavitation pocket is somewhat stabilized and begins to 

row at a slightly slower pace than the velocity of the liquid jet. 

s a result, the shear flow, although smaller, is still present - cav- 

ty shedding due to the presence of the Kelvin-Helmholtz instabil- 

ty continues (frames 7 to 11). The cavity growth accelerates and 

eaches the same velocity as the liquid jet. Hence, the shear flow 

s minimized, the cavity interface becomes stable, and the shed- 

ing briefly ceases before the cycle is repeated. 

A more detailed look into the unstable interface can be ob- 

ained from the high speed recording using the X-Ray imaging. 

his phase-contrast enhancement technique provided by the APS 

Advanced Photon Source) synchrotron beam is presented in Fig. 5 . 
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Table 1 

Parameters of the calculations. 

Micro Mili Macro 

H 0.675 mm 2.7 mm 10 mm 

w 0.45 mm 3.6 mm 10 mm 

v throat 39 m/s 17 m/s 24.7 m/s 

L 5 �H 

λ L/10 

A 1 μm 

μ 0.001 Pas 

ρl 1000 kg/m 

3 

ρv 1 kg/m 

3 
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ψ

t allows us to observe the hidden features of the vaporous cavity, 

s it starts developing surface instabilities and leads to its breakup. 

The first frame of Fig. 5 depicts a smooth interface between the 

iquid jet and the vapour phase. Close to the channel wall (frame 

 and 2) one can see a thin liquid layer which slowly moves up- 

tream. This is a result of a separation of the cavitating structure 

rom the wall and the very weak classical re-entrant jet. The stag- 

ation of the cavity growth results again in a shear flow at the 

nterface and the Kelvin-Helmholtz instability builds up, firstly at 

he cavity closure before it moves upstream (frames 2 to 4). At the 

ame time, the attached cavity is still in a form of a stretched sin-

le bubble. In frame 5 one can observe the beginning of the rollup, 

hich becomes more pronounced in frame 6. Finally, as a result 

f Kelvin-Helmholtz instability, we witness the breakup of the at- 

ached cavity in frames 7 to 9. 

The phenomenon likely also occurs in larger geometries, but 

oes not develop fully, due to very small changes in shear veloci- 

ies at the interface. This is further discussed in the following sec- 

ion. 

. Discussion 

A very simple model, based on Bernoulli’s equation is sketched 

n Fig. 6 to explain the dynamics in the channel. 

The flow in the channel is bounded by two walls. The channel 

idth is given by w . The position of the initial interface (black dot- 

ed line) lies between the upper and the lower channel wall and 

et us assume that it already exhibits a small initial disturbance –

ts height ψ is not constant over the length of the channel. The 

elocities on each side of the interface (u 1 and u 2 ) are determined 

y the flow rate and by the local position of the interface ψ( x,t ).

he static pressures (p 1 and p 2 ) are considered constant and ho- 

ogeneous in the liquid and vapour phase. 

We now derive an expression for the displacement of the inter- 

ace in the vertical ( �ψ) and horizontal ( �δ) direction. Eventually 

his results in the formation of the Kelvin-Helmholtz instability in- 

icated with a gray dotted line in Fig. 6 . 

Let us approach the displacement of a fluid element in the va- 

or phase with length �x, height ψ and width w . There, four 

orces are acting, namely gravity F g , surface tension F σ , viscous 

rag F μ, on one side and the pressure difference F �p on the other.

sing Newton’s 2nd law, one can write for the vertical acceleration 

 y : 

 · a y = ρv · �x · ψ · w · a y = 

∑ F = F g + F σ + F μ + F �p , (2) 

here ρv is the vapour density, ψ is the height of the interface 

bove the bottom wall. The gravitational force is of course given 

y the weight of the element: 

 g = − m · g = − ρv · �x · w · ψ · g, (3) 

ith g being the gravitational acceleration, pointing downwards. 

he surface tension force is given by: 

 σ = −2 · �x · σ, (4) 
ig. 6. Schematic presentation of the interfacial instability, with variables which 

efine the problem. 
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5 
here σ is the surface tension coefficient. The viscous drag, which 

ttenuates the rise of the interface, is given by: 

 μ = −μ · A · v y 
w 

= −μ · �x · v y , (5) 

here μ is the viscosity of the fluid. The three mentioned forces 

 g , F σ , F μ, all act against the rise of the interface, with only the

atter one having a significant contribution. 

The pressure difference that drives the formation of instabil- 

ty results from the difference of the velocities on each side of 

he interface. The flow rate through the channel is assumed to be 

onstant and uniform over the whole height of the channel, pro- 

ided that the interface splits the channels into equal parts ( H = 2 ψ ,

 1,0 = u 2,0 ). Hence the velocities on each side of the interface are

olely a function of the interface position and change relatively 

ith its displacement: 

u 2 

u 1 

= 

( H − ψ ) 

ψ 

. (6) 

The pressure difference and the corresponding driving force is 

hen: 

 �p = 

[ (
p 1 − 1 

2 

ρ1 u 

2 
1 

)
−

(
p 2 − 1 

2 

ρ2 u 

2 
2 

)] 
· �x · w. (7) 

Using a simple Euler scheme, the displacement of the interface 

ψ during one time step �t, can be written as: 

 y = 

∑ F 

m 

= 

∑ F 

ρv · �x · ψ · w 

, (8) 

v y = a y · �t, (9) 

ψ = v y · �t. (10) 

The vortex builds due to the convection of the interface by the 

hear flow. It can be simply assumed that: 

δ = ( u 1 − u 2 ) · �t. (11) 

In the presented calculation an initial disturbance ψ 0 in form 

f a constantly growing sinusoidal profile is given to the interface: 

 0 = A · sin 

(
x 

λ

)
· x 

L 
, (12) 

here A is the maximal amplitude and L is the length of the inter- 

ace and λ is the wavelength of the disturbance. 

Results of exemplary calculations are shown in Fig. 7 . The ge- 

metries were chosen to correspond to the existing experiments 

micro (present geometry), mili ( Dular et al. (2012) ) and macro 

 Petkovšek & Dular, 2013 ). Parameters for the calculations are given 

n Table 1 . The values were chosen based on the parameters of the 

uids and on geometry of the Venturi section. We have scaled the 

ength of the cavity linearly (5 �H, which results in the same size 

rder as in the experiments) and assumed that the wavelength of 

he disturbance is always 1/10th of the cavity length. The initial 
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Fig. 7. Model prediction for micro (left), mili (right, top) and macro (right, bottom) Venturi channels. 

Fig. 8. Schematic representation of cavitation dynamics inside Venturi microchannel, which is governed mainly by the appearance of the Kelvin-Helmholtz instability. 
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isturbance is always 1mm, regardless of the size of the geome- 

ry. The velocities in the throat of the section correspond to the 

easured ones. The simulation begins at the time when the cav- 

ty reaches the maximum size and the stagnation point is estab- 

ished (t = 0). At this moment the re-entrant jet would form and 

egin to flow upstream with a velocity in the order of v throat . 

he prediction of the re-entrant jet is based on the assumption 

hat it will travel upstream from the cavity closure line with a 

onstant velocity, which is the same one as in the throat of the 

hannel ( Dular et al., 2005a ). According to the results reported 

y Ganesh et al. (2016) the shock wave velocity would lie in the 

ame order of magnitude. We cut off the calculation at the mo- 

ent when the re-entrant jet/shock wave would penetrate 50% of 

he cavity length (t = 0.5L/v throat ), upon which the cloud separation 

ould likely occur. 

The diagrams show the development of the instability in space 

nd time. The blueish plane presents the estimated progression of 

he re-entrant jet/shoch wave. 

For the microchannel ( Fig. 7 , left), one can see that the instabil-

ty builds up rapidly and begins to bend over. At the point when 

he calculation is stopped (at 42 μs) the rear part of the cavity col- 

apses (completely rolls up). Further on the waves near the cavity 

losure collide with the channel walls and the calculation diverges. 

ne can assume that the disturbance would grow towards the cav- 

ty attachment point. When it would reach it could be be consid- 

red as the beginning of a growth of a new cavitation bubble. 
6 
The instability is already fully developed when the re-entrant 

et penetrates 50% of the cavity. The height of the waves cor- 

esponds to roughly one half of the throat height - roughly 

he span observed experimentally, with X-ray imaging, shown in 

ig. 5 (frame 6). This results in a significant disturbance of the flow, 

hich would cause shedding of small vaporous bubbles, hence 

 classical vapour cloud separation does not occur. The Kelvin- 

elmholtz instability can therefore be considered as the dominant 

echanism of cavitation shedding process inside micro scale chan- 

el. 

For the mili and macro channels ( Fig. 7 , right, top and bottom) 

he dynamics is similar. The instability is present, but it grows 

uch slower. By the time the re-entrant jet would penetrate 50% 

nto the cavity, the disturbance is still very small compared to the 

hannel height (5% for mili and 1.5% for macro channel). Also, no 

vidence of rollup, which finally causes the collapse of the whole 

avity, can be seen. 

Considering the insignificance of the Kelvin-Helmholtz instabil- 

ty, one can confidently claim that the re-entrant jet or the shock 

ave are the dominant mechanisms of cloud shedding in larger 

eometries, even if one assumes perfectly 2-dimensional flow con- 

itions in such channels. 

Fig. 8 sums up our observations - a schematic representa- 

ion of the dynamics of cavitation inside a very small Venturi 

hannel is shown. It shows how the cavity grows, the appear- 

nce of the Kelvin-Helmholtz instability, the collapse of the sta- 
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le cavity and finally the consequent growth of the new attached 

avity. 

The shedding period begins with the growth of an attached sin- 

le cavitation bubble (1–5). During this period the bubble growth 

ate follows the velocity of the liquid flow above it, hence the shear 

t its interface in minimal. At (5) the cavity ceases to grow, and a 

tagnation point is formed at its closure. The flow of a liquid jet 

hat travels over the momentarily stable cavitation bubble causes 

elocity and pressure discontinuity over the bubble interface. The 

ressure difference promotes the growth of small disturbances (6). 

he disturbances grow and at the same time begin to rollup (7) 

nd eventually collapse (8). Small remaining cavitation structures 

re advected downstream (9). The process is continuous and works 

ts way upstream (10–15). At (15) the remaining single bubble cav- 

ty is small enough for the surface tension to stop the shedding at 

hich point the process is periodically repeated (1–5). 

. Conclusions 

There are some mentions that Kelvin-Helmholz instabilities 

ould exist in cavitating flow in microchannels, but this has not 

een investigated thoroughly. Here we show detailed observations 

f Kelvin-Helmholtz instability, and demonstrate that its occur- 

ence destabilizes single cavitation bubble structure in Venturi mi- 

rochannels. This is due to the uniquely confined flow, which trig- 

ers the Kelvin- Helmholtz instability from the cavity closure line. 

he flows were investigated by high speed image capturing with 

emtosecond laser pulses light and X-rays. The recordings reveal 

ow the instability forms, grows and eventually triggers the shed- 

ing of relatively small cavities. The second result of the study 

s lack of shock waves, typically observed upon the collapse of 

he shedded bubbles downstream. Finally, we developed a sim- 

le model, based on the force balance of fluid particle in the va- 

or phase and the Bernoulli equation. By comparison of the cal- 

ulations for small and large channels, we show that only in the 

mall channels, the Kelvin-Helmholtz instability drives the cavita- 

ion cloud shedding process, while in larger channels the shedding 

s driven either by the re-entrant jet or by the shock wave mecha- 

isms. 
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