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Abstract: Cavitation is a phase change phenomenon created by the static pressure reduction of a liquid medium at 13 

a constant temperature. This process has been considered as a disadvantageous mechanism in most turbomachinery 14 

systems, however, its potential in releasing energy at the bubble collapse stage has received lots of attention in 15 

recent decades. Particularly, the applicability of this phenomenon in micro scale gives rise to the research studies in 16 

different fields, i.e., wastewater treatment and medical imaging. In this study, microfluidic devices housing small 17 

microchannels have been fabricated to study the generation of the cavitating flow patterns bubbles. The main fo- 18 

cuses in this work are on the surface and side wall roughness together with the size reduction effects on cavitation 19 

bubble generation. Accordingly, the microfluidic devices were fabricated using the techniques adopted from semi- 20 

conductor based micro- fabrication. The experiments were performed at relatively higher upstream pressure, 4 to 7 21 

MPa, to investigate the durability of the devices and flow patterns features. The results show that the side wall 22 

roughness elements are very effective in the small microchannels in terms of facile cavitating flow generation, while 23 

the size reduction in the diameter of the channel does not accompany intensified cavitating flow necessarily.    24 

Keywords: Cavitation; Small microchannel; Pressure; Surface roughness; Side wall roughness 25 
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1. Introduction 30 

Inertial cavitation includes the combination of chemical and physical effects, which appear in a cyclic 31 

form of generation, growth and collapse of bubbles. This type of cavitation which is observed in both hydro- 32 

dynamic and acoustic is ended with an enormous energy release at the stage of the bubble implosion. There- 33 

fore, it is possible to utilize this energy in applications where substantial impact pressure of the bubbles is 34 

required for fragmentation or erosion of a surface, particle or material [1]. 35 

Hydrodynamic cavitation, in this regard, has been mostly considered as a negative mechanism due to its 36 

destructive effect on machinery systems [2]. However, the versatile nature of the cavitation bubbles especially 37 

in the diesel injection engines [3] in terms of better combustion performance, high quality atomization and less 38 

emission has opened many other windows to this phenomenon in a positive way, i.e., energy harvesting [4], 39 

biomedical application [5,6] and wastewater treatment [7]. 40 

Most of the above-mentioned applications have been benefitted from the concept of the “hydrodynamic 41 

cavitation on chip”, which is originated from microfluidics [8]. This concept which has been emerged during 42 

the 2000s [9] and has been developed in the recent decade [10], exhibits an entirely different physics compared 43 

to its macro scale counterpart. Therefore, the preliminary studies in this regard, were mostly attributed to the 44 

cavitation physics and scrutinizing the bubble creation and the flow pattern classifications in micro scale 45 

[11,12]. 46 

Recently, some attempts to employ the microfluidic devices capable of generating hydrodynamic cavita- 47 

tion have been made in liquid phase exfoliation [13], chemiluminescence [14] and bacteria disinfection [15]. 48 

These studies have revealed the extensive and almost intact potential of hydrodynamic cavitation in microflu- 49 

idics. Thus, it is timely to assess the micro scale cavitation strength in the emerging fields to design and fabri- 50 

cate new generation reactors influenced by the destructive payload of the micro bubbles. 51 

The exploitation of hydrodynamic cavitation as a tool for biological wastewater treatment leads to the 52 

elimination of the thermal methods required in the wastewater treatment plants. It is due to the fact that, in 53 

addition to the free hydroxyl radicals and shockwaves, high temperature hot spots are the direct outcome of 54 

the bubble collapse as its thermal effect. This was shown in the disinfection rate of E. Coli in water with the 55 

aid of hydrodynamic cavitation when the temperature of the medium is changed [15]. 56 

Going back to the pioneering studies in the field, Mishra et al. [9], investigated the hydrodynamics cavi- 57 

tation in a micro-orifice which was located in a microchannel. They observed that as the cavitation number 58 

decreases, the various flow regimes are formed similar to the macro scale cavitation. In this study, the incipient 59 

cavitation number was very low which illustrated the effect of the size of the orifice. They also found a lower 60 

value for the choked cavitation numbers in microscale cavitating flows despite the pressure and velocity vari- 61 

ations. They also recorded a fast transition in the flow patterns from inception choked and also from choked 62 

to supercavitation flow regime. Mishra et al. [16], continued their studies by observing the cavitating flow 63 

patterns in the flow of DI water as the working fluid through a short, sharp edged rectangular micro-orifice 64 

plate entrapped in a microchannel. They found that two thin vapor pockets/bubbles generated as an incipient 65 

cavitation phenomenon emerge from the center of the orifice plate boundaries. They showed that the twin 66 
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vapor pockets extended downstream by reducing the cavitation number and formed a curve interface between 67 

liquid and the vapor pockets. They illustrated the unique cavitating flow pattern which is significantly different 68 

from their macro scale counterparts.  69 

The cavitating flow patterns from inception to fully developed cavitating flows are strongly affected by 70 

the surface roughness and the geometry of the orifice such as diameter, length and entrance shape. In this 71 

regard, Sarc et al. [17] investigated the cavitation bubble dynamics and intensity by considering the orifice 72 

geometry and configuration. Im et al. [18] also showed that the geometry of the orifice is very effective in the 73 

mean of intense cavitating flow pattern. In addition, the surface roughness elements have substantial effects of 74 

the generation of the facile cavitating flow pattern. Ghorbani et al. [19] investigated microscale hydrodynamic 75 

cavitation in a roughened device and found that devices with roughness elements could provide earlier cavita- 76 

tion inception. 77 

The micro scale cavitating flow pattern has been studied in a wide range of Reynolds numbers from 100 78 

to 100000 during recent years. Ghorbani et al. [8, 19, 20], in this regard, developed high pressurized microflu- 79 

idic devices which could work at the upstream pressure higher than 6 MPa and extended the relevant studies 80 

which were performed at lower Reynolds numbers [9,21]. Their studies demonstrated that, there still needs in- 81 

depth investigations to reveal the surface roughness effects on the generation of the micro cavitation phenom- 82 

enon reaching an optimum configuration for the desired microfluidic device.  83 

In this study, microfluidic devices housing small microchannels were fabricated to investigate the surface 84 

and side wall roughness elements effects along with the size reduction effects on the generation of the cavita- 85 

tion bubbles. The first section of this study is devoted to the roughness effects in the small microchannels with 86 

the hydraulic diameter, DH between 50 to 100 µm (𝐷! = 4𝐴 𝑃⁄ , where 𝐴 is the cross-sectional area and 𝑃 is 87 

the perimeter of the microchannel). The hydraulic diameter is slightly changed for some cases in which the 88 

surface roughness is applied. This section provides valuable insights into the side wall roughness impacts on 89 

the cavitation generation in small microchannels with non-dimensional numbers, i.e., cavitation number (𝜎 = 90 

(𝑃"#$ − 𝑃%) 0.5𝜌&𝑉"#$
'⁄ , where ρ( is liquid density, P)*+ is reference pressure, which is the upstream pressure, 91 

Pin in this study, P, is vapor saturation pressure and V)*+ is the mean velocity of the flow inside the micro- 92 

channel, which was calculated with the use of volume flow rate and cross sectional area) and Reynolds number 93 

(𝑅𝑒 = 𝜌v"#$𝐷!/𝜇, where 𝜇 is the liquid viscosity). In the second section, after demonstrating the strong effect 94 

of the side wall roughness effect, the cavitation phenomenon in four identical microfluidic devices with small 95 

microchannels, hydraulic diameters of 75 and 50 µm, were investigated. This study shows that reducing the 96 

microchannel hydraulic diameter does not provide a suitable condition for the cavitation generation neces- 97 

sarily, however, the small and short side wall roughness has a substantial effect in all the conditions. 98 

 99 

 100 

 101 

       102 
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2. Results 103 

2.1. The surface and side wall roughness effects on the cavitation generation in small microchannels 104 

In the first part of the study, cavitation is investigated inside the microchannel with various surface rough- 105 

ness elements at different upstream pressures, Pin. The surfaces of the microchannels have roughness elements 106 

height of 0 and 2 μm and, side wall roughness of 10 μm, while the hydraulic diameter of all devices is 100 μm. 107 

The results (Figures 1-3) show that the side wall roughness elements have substantial effects on the inception 108 

of the cavitation and development of the cavitating flow in small microfluidic devices compared to the surface 109 

roughness elements. Recently, it was demonstrated that apart from the working fluid inside microfluidic de- 110 

vices, surface roughness elements have a significant effect on the generation of cavitation bubbles [20]. There- 111 

fore, it is of great significance to investigate the surface characteristics by focusing on substrate nanoengineer- 112 

ing techniques to achieve intense bubble generation and earlier cavitation inception to be utilized in energy 113 

and biomedical applications. 114 

Figure 1 illustrates that for a plane surface, CH1, there is a very short length of cavitating flow inside the 115 

microchannel of the microfluidic device. The experiments were performed at various upstream pressures from 116 

4 to 7 MPa, however, in spite of the high upstream pressure, a short cavitation footprint was recorded for this 117 

device. The experiments were carried out for an identical microfluidic device, CH2, with a surface roughness 118 

of 2 μm height to investigate the cavitation bubbles generation. The results of this device were presented in 119 

Figure 2, where cavitation inception was observed at upstream pressure of 4 MPa. Figure 2 shows that despite 120 

the pressure increase from 4 to 7 MPa, there is no substantial change in the flow regime appearance inside the 121 

microchannel. The cavitating flow does not develop along the microchannel. These results indicate that alt- 122 

hough the cavitation bubbles do not reach to the end of the channel and the supercavitation flow regime does 123 

not form, the case of CH1 with a smooth surface is capable of more intense generation of cavitation bubbles.  124 

Further studies were performed with a microfluidic device housing a side wall roughness of 10 μm under 125 

the same conditions as in the previous devices. Figure 3 exhibits various cavitating flow regimes inside the 126 

CH3 at upstream pressures between 4 to 7 MPa. Accordingly, the cavitation bubbles extended to the outlet of 127 

the microchannel even at the upstream pressure of 5.5 MPa, while the supercavitation flow regime was ob- 128 

served at high upstream pressure of 7 MPa. Figure 3-a shows a clear separation of the twin cavities from the 129 

walls of the channel, while the side wall roughness is presented inside the microchannel.  130 

 131 

 132 

Figure 1. Fluid flow inside the microfluidic device (CH1) with smooth surface at different upstream pressures (Pin)  133 

 134 
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The pattern for the side wall roughened channel corresponds to fully developed super-cavitation at an 135 

inlet pressure of 5.5 MPa, which is not seen in the other channels with surface roughness elements of 0 and 2 136 

μm at this pressure (shown in Figure 1 and 2). Therefore, it could be concluded that similar to the bigger 137 

microfluidic devices [8], side wall roughness leads to early transitions between flow patterns even at smaller 138 

devices. 139 

 140 

 141 

 142 

Figure 2. Cavitating flow inside the microfluidic device (CH2) with 2 µm surface roughness at different upstream 143 

pressures (Pin) 144 

 145 

 146 

 147 

Figure 3. Cavitating flow inside the microfluidic device (CH3) with 10 µm side wall roughness at different upstream 148 

pressures (Pin) 149 

 150 

Figure 4 presents the cavitation number variations for CH1, CH2 and CH3 at different upstream pressures. 151 

The cavitation number which is an indication for the cavitation intensity provides valuable insight into the 152 

bubble that exists in the working area. The higher and lower values of this number indicate a lower and higher 153 

possibility of cavitation bubbles existence, respectively. Accordingly, the lower values of cavitation number 154 

for the case of CH3 demonstrate the higher amounts of the cavitation bubbles in this channel compared to the 155 

other devices. The decreasing of the cavitation number at different upstream pressures for the case of CH3 has 156 

a mild trend indicating that the mean velocity at the lower upstream pressure is even high compared to the 157 

other cases. This fact is also seen in Figure 5, where the Re numbers for lower upstream pressures is higher 158 

for the case of CH3. Therefore, the strong effects of the cavitation phenomenon on the velocity of the flow 159 

lead to higher Reynolds numbers at much lower upstream pressures. On the other hand, a sharp reduction in 160 

the cavitation number is observed for the other devices especially CH2 in which cavitation bubbles were barely 161 

visualized. This is due to the fact the velocity at higher upstream pressures increases substantially leads to a 162 

dramatic decrease in the cavitation number. Figure 5 illustrates the Reynolds number variations for the cases 163 

CH1, CH2 and CH3 with respect to the non-dimensional penetration length (x/L, x is the length of the cavitat- 164 

ing flow inside the microchannel). The non-dimensional penetration length (x/L) which is calculated with the 165 
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aid of image processing software ImageJ is defined as the ratio of vapor cloud length to microchannel length. 166 

The results show that there is no considerable cavitating flow inside the device CH2, while the Re number at 167 

the highest upstream pressure is calculated as 3590. The Reynolds number in the identical situation for the 168 

case of CH3 is 5240 which exhibits the effects of the cavitation apparently. The Reynolds number for the case 169 

of CH1 is very close to CH2 (3820 as the highest value), however, the Reynolds numbers at the upstream 170 

pressure of 5.5 and 7 MPa are very close to each other implying that the cavitation intensity does not change 171 

considerably in the case of CH1 by increasing the upstream pressure. Therefore, side wall roughness elements 172 

height has the potential to create a suitable condition for the easier generation of cavitation bubbles and affects 173 

the turbulency of the flow at the lower upstream pressures even in the small microchannels.      174 

 175 

Figure 4. The variation of the cavitation number (𝛔) with respect to upstream pressure (Pin) for the microfluidic 176 

devices with different surface roughness elements height 177 

 178 

Figure 5. The variation of the non-dimensional penetration length with respect to Reynolds number for the micro- 179 

fluidic devices with different surface roughness elements height 180 
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2.2. The cavitation intensity in the small side wall roughened microchannels 182 

The effect of the side wall roughness on the cavitating flow patterns was studied in the microfluidic de- 183 

vices in which the hydraulic diameters are far smaller than the devices fabricated in our previous studies 184 

[19,20]. The hydraulic diameters of these devices are 75 μm (CH4 and CH5) and 50 μm (CH6 and CH7) and 185 

the length of the roughness elements are the same while their heights are changing. The results show that the 186 

smaller and shorter side wall roughness elements have substantial effects on the generation of the facile cavi- 187 

tating flow patterns. In comparison to the microfluidic devices with larger microchannels (DH =100 to 240 μm) 188 

in our previous studies [19,20], the cavitation inception is observed at higher pressure (3 MPa) and the corre- 189 

sponding cavitation number is also higher (2.01). Therefore, with a constant inlet channel width, reducing the 190 

hydraulic diameter of the microchannel leads to higher energy demand for the cavitation inception in micro 191 

scale. Further reduction in the hydraulic diameter of the microchannel results in less intense cavitation patterns 192 

even at higher pressures (Figure 6-g) and no cavitation in some cases (Figure 6-d and h). These results indicate 193 

that reducing the hydraulic diameter of the microchannel while the inlet channel is constant is not accompa- 194 

nying by a facile cavitating flow pattern and lower cavitation number. The detailed features of the cavitating 195 

flow patterns for the small microfluidic devices with side wall roughness elements (CH4, 5, 6 and 7) are pre- 196 

sented in Figure 6. The results show that supercavitation occurs at higher upstream pressure in CH5 compared 197 

to CH4, however, the interesting point between these cases is that the cavitation numbers corresponding to 198 

Figures 6-e and f are 0.89 and 1.67, respectively. This fact means that at smaller microchannels, the intensity 199 

of the cavitating flow for the cases with bigger roughness elements is higher, which is in contrast to the larger 200 

microfluidic devices. On the other hand, the cavitation is not seen for the case of CH7 even at very high 201 

upstream pressures, let alone the cavitation in a similar channel with smaller roughness elements is not as facile 202 

as the cases of CH4 and CH5.  203 

The cavitation feature is also shown in the extended channel of the microfluidic devices just after the 204 

microchannel for all the cases in Figure 7. Surprisingly, the twin cavities are observed in all the cases even for 205 

the case of CH7. The intensity of the cavitating flows inside the microchannel substantially affects the flow 206 

behavior in the extended channel of the device for the case of CH4, where the strong vortices lead to reattach- 207 

ment point movement in Figures 7-a and e. The downstream effects together with the rotating vortices and 208 

circulating bubbles create a significant hysteresis for this case. The twin cavities created in Figures 7-c and g 209 

are more facile compared to the other cases despite the relatively moderate features of the cavitation inside its 210 

microchannel. This indicates that the cavitating flow patterns inside the extended channel of the device could 211 

be independent of the upstream events and the downstream phenomena such as vortices and low-pressure 212 

regions affect the intensity of the cavitation. This is also interpreted from the cases of CH5 and CH7 in which 213 

cavitation has almost the same feature, while no cavitation is recorded in the case of CH7.  214 

Figure 8 illustrates the variation of the P2, the pressure at the location of the vena contracta, with respect 215 

to the pressure drop between the upstream pressure and P2. The pressure at the location of the vena contracta 216 

is an indication of the bubble generation inception, however, this location may change according to the device 217 

geometry and thermophysical condition of the flow. The vena contracta in some reports is defined as the 1DH 218 
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[22], and this value is considered as a reference point in the current study. The results exhibit low pressure 219 

drop requirement for the cavitation inception for the case of CH4 in which the pressure at the location of the 220 

vena contracta is also low compared to the other cases. After the cavitation inception for the case of CH4, the 221 

P2 is reduced to lower values compared to the vapor saturation pressure of water (2300 Pa) with increasing the 222 

pressure drop. This fact indicates the intense cavitating flow condition. The cavitation inception is observed at 223 

higher pressures at the location of the vena contracta (around 1.5 MPa) for the cases of CH5 and CH6, while 224 

there needs much more pressure drop (around 4 MPa). The P2 reduces to the values lower than the vapor 225 

saturation pressure after the cavitation inception for these cases, however, there need high energy inputs to 226 

reach the intense cavitation condition for the cases of CH5 and CH6. The results corresponding to the pressure 227 

drop and P2 presented for the case of CH7 are shown that the P2 is increased by the pressure drop rise implying 228 

that the cavitation phenomenon does not happen in this case. 229 

 230 

 231 

 232 

Figure 6. The occurrence of the cavitating flow patterns inside four different microfluidic devices at upstream pres- 233 

sures (Pin) of 4 and 7 MPa 234 

 235 
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 236 

Figure 7. The twin cavities in the extension part of the four side wall roughened microfluidic devices at upstream 237 

pressures (Pin) of 4 and 7 MPa 238 

 239 

Figure 8. The variation of the P2, the pressure at the location of the vena contracta with respect to the pressure drop 240 

for four side wall roughened microfluidic devices  241 
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3. Discussion 242 

Cavitation usually happens due to rapid pressure reduction. In the case of the extended channel, by flow 243 

injection from microchannel inside the bigger space, the localized low pressures together with high shear forces 244 

induces the cavitating flow. The cavitating flow entered the extended channels is accompanied with generation 245 

of low-pressure regions particularly on the below and above the twin cavities. The pressure reduction together 246 

with the surface tension effects in this region leads to the creations of the vortices which are mostly departed 247 

from the surface. The small bubbles grow in the cyclic form in this region and encounter with region with high 248 

pressure and finally collapse. This rapid change of nozzle size has a direct influence on both pressure and 249 

velocity which may cause cavitation and they are most probable and visible in the area in which changes are 250 

higher such as the boundary of the jet inside the channel. The movement and direction of flow depend on 251 

several parameters. Other terms can be the effect of the downstream nozzle. There are also some other phe- 252 

nomena such as step flow and wake area in the corner of the channel can create a periodic movement of the jet 253 

with low frequency due to separation effect (similar to Karman vortex phenomenon) and it could eventually 254 

become stronger and lean jet to direction creation. 255 

In this study, the cavitation phenomenon inside microfluidic devices with different roughness elements 256 

was studied. It is shown that the cavitation bubbles are easily generated inside small microchannels with short 257 

and small side wall roughness elements. Accordingly, it is possible to reach developed cavitating flows and 258 

supercavitation conditions in a side wall roughened microfluidic device at a significantly lower upstream pres- 259 

sure. In addition, it is illustrated that the surface roughness does not have a significant effect on the generation 260 

of cavitation bubbles. In contrary to the surface roughened devices, the plane small microfluidic devices are 261 

capable of generating cavitation bubbles at higher pressures, which is still less efficient in comparison with the 262 

side wall roughened devices. Further investigations on the small microfluidic devices having short side wall 263 

roughness elements reveal that small roughness elements have a considerable effect on the cavitation bubble 264 

generation, while the hydraulic diameter reduction does not provide the same effects.    265 

4. Materials and Methods 266 

Seven microfluidic devices with very small hydraulic diameter have been designed and fabricated to study 267 

the occurrence of the cavitation phenomenon in microscale. The fabrication process is very sensitive to the 268 

design, geometry, and roughness. Therefore, extensive information about the process and flow condition is 269 

required. Accordingly, the geometrical specifications of the microfluidic devices capable of generating cavi- 270 

tation phenomenon should be investigated in broad ranges to generate cavitation, turbulence, and fluid flow 271 

patterns inside the microchannels with respect to the fabrication process. 272 

The uncertainties found in the experimental devices and parameters were presented by the manufacturer’s 273 

specification sheets or were obtained using the propagation of uncertainty method presented in the work of 274 

Kline and McClintock [23]. Accordingly, the average uncertainties in cavitation number (±6.8%), flow rate 275 

(±1.4%), inner diameter (±0.2 µm) and pressure drop (±0.3%) were calculated. 276 

 277 
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4.1 Design and Fabrication of Microfluidic Device 278 

The thicknesses of the silicon and glass wafers are 760 µm which makes the microfluidic device thick 279 

enough to withstand high shear rates produced by bubble collapse as a result of the pressure drop. In addition, 280 

in this design, silicon wafers experienced the wet etching process for the formation for the orifice configura- 281 

tions. The typical microchannels do not mostly have the enough rigidity to tolerate the high pressures or do 282 

not have an access for optical measurement, which is vital for microscale cavitation studies. Certain non- 283 

intrusive techniques were utilized to optically characterize flows and cavitation inside microchannels at ele- 284 

vated pressures.  285 

Fabrication and development of the device configurations having small flow restrictive element with mi- 286 

cro size inner hydraulic diameters of 100, 75 and 50 µm (lengths of 2 mm) are based on our previous studies 287 

with hydraulic diameters in the range of 133 to 300 µm [20,24]. The devices which are made of silicon and 288 

glass wafers are highly durable to high pressure drops between inlet and outlet. This helps us to increase the 289 

upstream pressure (typically the researchers choose different ways around for the cavitation number calcula- 290 

tion. One way to generate the cavitation is to decrease the downstream pressure while the upstream pressure 291 

is constant. In this case, it is the downstream pressure which is considered as the reference pressure. The other 292 

way which was also used in this study is to increase the upstream pressure while the downstream pressure is 293 

constant at atmospheric pressure. In the current study, the upstream pressure (which is the gauge pressure 294 

exactly at the beginning of the microchannel) was used as the reference pressure [19,20]) to reach high veloc- 295 

ities which is important to study the turbulence effects. Accordingly, the microfluidic devices are produced on 296 

a double side polished <100> silicon wafer and have a bonding to a glass wafer. The main sections on the 297 

silicon part of the device are three channels- inlet channel, microchannel and extension as the outlet channel- 298 

and six holes including one inlet, two outlets and three pressure ports. First, PECVD (Plasma-enhanced chem- 299 

ical vapor deposition) is utilized to deposit a 50 nm thick layer of silicon dioxide on both sides of the silicon 300 

wafer, and photolithography and dry etching are performed in the next steps. The desired mask is patterned on 301 

the silicon layer to transfer the mask on the substrate and dry etching is carried outby adding the silicon dioxide 302 

layer. In the next step, the inlet, outlets, and pressure ports are transferred to the substrate for 200 µm with the 303 

use of dry etching, new layer is replaced by eliminating the photoresist layer. The second pattern is transferred 304 

on the silicon so that the microchannel has a connection to the etchant solutions. In the next, the new masked 305 

silicon is etched for 50 µm, and the final pattern is formed on the device. To avoid any dust and contaminant, 306 

the silicon underwent a wet etching process to prepare the substrate ready for the bonding step. The final step 307 

is to bond the substrate to the glass wafer to withstand high pressures. The anodic bonding is used for the 308 

bonding step to make the wafer durable enough for the high injection pressures. Figure 9 shows the entire flow 309 

process for the fabrication of the device. The microfluidic device specifications were presented in Table 1. 310 
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 311 

Figure 9. The process flow presenting the manufacturing process of the microfluidic devices  312 

Table 1. The specifications of the microfluidic devices  313 

Device 

Hydraulic Di-

ameter, DH 

[µm] 

Microchannel 

Length [mm] 

Surface 

Roughness 

[µm]  

Side Wall 

Roughness 

Height [µm] 

Side Wall Rough-

ness Length [mm] 

CH1 100 2 0 0 0 

CH2 100 2 2 0 0 

CH3 100 2 0 10 0.66 

CH4 75 2 0 0.75 0.66 

CH5 75 2 0 7.5 0.66 

CH6 50 2 0 0.5 0.66 

CH7 50 2 0 5 0.66 

 314 

4.2 Experimental Setup and Procedure 315 

The microfluidic device is connected to the tubing system and fittings as shown in Figure 10. The input 316 

pressure is introduced to the container and tubing via a high-pressure pure nitrogen tank (Linde Gas, Gebze, 317 

Kocaeli). The nitrogen tank is connected to a 1 Gallon fluid container (Swagelok, Erbusco BS, Italy), filled 318 

with de-ionized (DI) water. The fluid reservoir is mounted to the system with appropriate fittings. Three pres- 319 

sure gauges (Omega, USA) are installed at the end of the experimental setup and on the sandwich to measure 320 

the pressures. One fine control valve (Swagelok) is mounted to the setup to control the flow along the system. 321 

To avoid any particles larger than 15 µm, a micro T-type filter (Swagelok) with a nominal pore size of 15 µm 322 

is mounted to the setup. A power LED source serves for illumination to have high quality records. 323 

The inlet pressure varies between 4-7 MPa, while the temperature is constant at room temperature (ap- 324 

proximately 21 0C). Although microchips have different roughness, they have the same inlet structure which 325 
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fits the same package. Micro-chips are sandwiched to the package with screw mechanisms to allow for with- 326 

standing inlet pressures of the liquid up to around 6 MPa. Liquid flow is controlled by valves at different 327 

locations. There are three pressure gauges on the setup to check for the pressure values, which are inlet, outlet, 328 

and channel pressures. Images are recorded with a CMOS camera, which has 1280x800 resolution with a short 329 

delay. The flow rate is measured and the effect of the discharge on the creation of the cavitation bubbles is 330 

obtained. The flow rate is measured by recording the level of the accumulated water level with respect to time. 331 

The glass wafer helps in observing the flow inside the microchannels. The volumetric flow rate is raised 332 

with the alteration in the upstream pressure. The cavitating flow patterns inside the microchannel is captured 333 

at different zones in the microfluidic device. Different mechanical phenomena such as inception, developed 334 

cavities and supercavitation at the outlet of the microchannel are recorded by the high-speed visualization 335 

camera. The snaps of the cavitating flows are gathered by a double-shutter high-speed complementary metal- 336 

oxide semiconductor (CMOS) camera, which allows two successive frames to be visualized with a resolution 337 

of 1280 x 800 pixels (0.02 mm pixel size) within a short time delay [25-27]. A macro camera lens is mounted 338 

on the CMOS camera (type K2 DistaMax with focal length: s = 50 mm and f-number: f = 1.2) at a distance of 339 

342 mm from the imaging plane, yielding a magnification of M = 0.137. These optical sequences make it 340 

possible that only the central zone of the lens is employed, where aberration can be neglected. The lightening 341 

is given to the system in front of the device to make the considered zone clear for the high-speed visualization 342 

system. The observation is performed in three main zones. The first zone is the microchannel, where the static 343 

pressure is expected to decrease to saturation vapor pressure. The second zone is the extended channel, where 344 

the twin cavities are emerged in. The last zone is the outlet channel, where the cavitating flows is encountered 345 

with.  346 

  347 

 348 

Figure 10. The experimental setup schematic illustrating the component required for the creation of the hydrody- 349 

namic cavitation phenomenon in a microfluidic device; The measured pressure in port 1 is Pin which is upstream pressure 350 

(also used as the reference pressure in the cavitation number formula), the P2 is measured at port 2, and the pressure 351 

measured at port 3 is approximately atmospheric pressure in all the cases. 352 
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Figure legends 428 

Figure 1. Fluid flow inside the microfluidic device (CH1) with smooth surface at different upstream pressures  429 

Figure 2. Cavitating flow inside the microfluidic device (CH2) with 2 µm surface roughness at different upstream 430 

pressures 431 

Figure 3. Cavitating flow inside the microfluidic device (CH3) with 10 µm side wall roughness at different upstream 432 

pressures 433 

Figure 4. The variation of the cavitation number (𝛔) with respect to upstream pressure for the microfluidic devices 434 

with different surface roughness elements height 435 

Figure 5. The variation of the non-dimensional penetration length with respect to Reynolds number for the micro- 436 

fluidic devices with different surface roughness elements height 437 

Figure 6. The occurrence of the cavitating flow patterns inside four different microfluidic devices at upstream pres- 438 

sures of 4 and 7 MPa 439 

Figure 7. The twin cavities in the extension part of the four side wall roughened microfluidic devices at upstream 440 

pressures of 4 and 7 MPa 441 

Figure 8. The variation of the P2, the pressure at the location of the vena contracta with respect to the pressure drop 442 

for four side wall roughened microfluidic devices  443 

Figure 9. The process flow presenting the manufacturing process of the microfluidic devices  444 

Figure 10. The experimental setup schematic illustrating the component required for the creation of the hydrody- 445 

namic cavitation phenomenon in a microfluidic device  446 

Tables 447 

Table 1. The specifications of the microfluidic devices  448 

Device 

Hydraulic 

Diameter, 

DH [µm] 

Microchan-

nel Length 

[mm] 

Surface 

Roughness 

[µm]  

Side Wall 

Roughness 

Height [µm] 

Side Wall 

Roughness 

Length [mm] 

CH1 100 2 0 0 0 

CH2 100 2 2 0 0 

CH3 100 2 0 10 0.66 

CH4 75 2 0 0.75 0.66 

CH5 75 2 0 7.5 0.66 

CH6 50 2 0 0.5 0.66 

CH7 50 2 0 5 0.66 

 449 



Figures

Figure 1

Fluid �ow inside the micro�uidic device (CH1) with smooth surface at different upstream pressures (Pin)

Figure 2

Cavitating �ow inside the micro�uidic device (CH2) with 2 μm surface roughness at different upstream
pressures (Pin)

Figure 3

Cavitating �ow inside the micro�uidic device (CH3) with 10 μm side wall roughness at different upstream
pressures (Pin)



Figure 4

The variation of the cavitation number () with respect to upstream pressure (Pin) for the micro�uidic
devices with different surface roughness elements height



Figure 5

The variation of the non-dimensional penetration length with respect to Reynolds number for the
micro�uidic devices with different surface roughness elements height

Figure 6



The occurrence of the cavitating �ow patterns inside four different micro�uidic devices at upstream
pressures (Pin) of 4 and 7 MPa

Figure 7

The twin cavities in the extension part of the four side wall roughened micro�uidic devices at upstream
pressures (Pin) of 4 and 7 MPa



Figure 8

The variation of the P2, the pressure at the location of the vena contracta with respect to the pressure
drop for four side wall roughened micro�uidic devices

Figure 9



The process �ow presenting the manufacturing process of the micro�uidic devices

Figure 10

The experimental setup schematic illustrating the component required for the creation of the
hydrodynamic cavitation phenomenon in a micro�uidic device; The measured pressure in port 1 is Pin
which is upstream pressure (also used as the reference pressure in the cavitation number formula), the
P2 is measured at port 2, and the pressure measured at port 3 is approximately atmospheric pressure in
all the cases.


