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ABSTRACT

This study presents a practical approach for the characterization and control of hydrodynamic cavitation (HC) behavior in microfluidic
devices by utilizing real-time static pressure measurements. Two geometrically identical micro-orifice devices were specifically designed for
this purpose. Pressure measurement locations were strategically positioned along the embedded microchannel in both devices. These loca-
tions were determined as a function of the hydraulic diameter of the microchannel. Pressure measurements were simultaneously made with
high-speed imaging. Particular attention was directed to the prediction and monitoring of cavitation inception, cavitating flow patterns, and
cavitation development. Thus, the dynamic and complex nature of hydrodynamic cavitation in microdomains could be captured by local
pressure variations along the microchannel walls. According to the results, cavitation inception and subsequent formation of twin sheet cavi-
ties could be detected by changes in local pressure values. Moreover, the analysis of local pressure variations could be employed to predict the
length of sheet cavities. The findings of this study offer valuable guidelines for designing microfluidic systems involving hydrodynamic cavita-
tion. Moreover, this study proves the potential of local wall pressure measurements as a stand-alone practical approach, which will reduce
reliance on high-speed visualization. It could thus enhance the affordability and accessibility of HC-on-a-chip platforms for emerging applica-
tions, including biomedical engineering, wastewater treatment, and 2D material exfoliation.
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I INTRODUCTION irradiating the liquid with an ultrasound field of sufficient intensity."

Cavitation is one of the phase change phenomena and involves a
successive cycle of formation, growth, and collapse of gas/vapor bub-
bles. Cavitation bubbles are generated when a fluid experiences a sud-
den local pressure drop below its vapor saturation pressure and
collapse upon pressure recovery.' The major types based on generation
of the cavitation phenomenon are optic cavitation, acoustic cavitation,
and hydrodynamic cavitation (HC).” In optic cavitation, a short pulse
of laser light is exposed to a liquid medium leading to intense vaporiza-
tion of the liquid and eventually to the formation of cavitation bub-
bles.” Acoustic cavitation involves the generation of bubbles by

However, HC occurs when the flow velocity increases through a flow
constriction, and the resultant local static pressure drop triggers the
formation of cavitation bubbles.” Cavitation bubbles grow in cycles
and result in the formation of local impact pressures and shock waves
as mechanical effects of collapse,” which produce noise and vibrations.”
Moreover, highly reactive free radicals such as hydroxyls appear as
chemical effects of collapse.” Hydrodynamic cavitation has been exten-
sively studied through both experimental and computational fluid
dynamic (CFD) approaches, with recent advancements focusing on
multiphase flow dynamics and bubble behavior.”” Although HC is
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not desired in turbomachinery including propellers and pumps, owing
to erosion and malfunctioning,'”'" it could have enormous potential
for use in emerging applications ranging from the food and beverage
industry to wastewater treatment.' "

The recent advances in HC studies have provided a better under-
standing of this phenomenon and attracted the attention of the scien-
tific community due to its energy efficiency, scale-up possibility,"”
and simplicity.” The last two decades have witnessed tremendous
advances in microfluidic technologies and have opened a new frontier
in HC studies, which triggered the emergence of the HC-on-a-chip
concept.'® In this concept, cavitation bubbles are generated in confined
microchannels, which offer unique advantages, including a high sur-
face-to-volume ratio and better control and manipulation of cavitation
parameters.'>'” Such small-scale systems have also enabled the use of
chemicals such as toxic liquids, which cannot be easily examined in
conventional scale HC.'® In addition, the use of small amounts of
liquids has paved the way for the utilization of cavitation in biomedical
treatment.'” This concept also offers promising results in applications
such as wastewater treatment,'” energy harvesting,'® heat transfer,'”
and 2D nanomaterial exfoliation.”’

Pioneering studies on microscale HC revealed that microscale
HC exhibits different behavior compared to conventional scale HC.”'
In this regard, Mishra and Peles”* showed that the flow patterns in
microscale HC on a chip significantly depend on the size and geometry
of micro-restrictive elements. Furthermore, Mishra and Peles”’ dem-
onstrated that the transition from cavitation inception to developed
and supercavitation flow patterns occurred rapidly at the microscale.
Im et al.”* showed that even small changes in micro-orifice geometry
affected cavitation evolution at the microscale. Jin et al.” reported that
the ratio of microchannel length to its diameter had a considerable
effect on cavitation. In another study, Dular et al.”® used six geometri-
cally identical venturis of different scales and revealed that the sheet
cavity became more stable as the scale decreased. In addition to the
geometrical effects, the effect of surface properties on the physics of
microscale HC was also investigated.”” In this regard, the effect of side-
wall roughness implementation on cavitation inception and flow pat-
terns and the effect of surface roughness were highlighted.”® In
another study, Aghdam et al.”” modified the surface of a microfluidic
device by using silica nanoparticles. They showed that the upstream
pressure corresponding to the onset of cavitation could be reduced by
modifying the surface of the microfluidic devices. Shafaghi et al.”” cap-
tured different cavitation flow patterns with varying intensities at the
same upstream pressure using a microfluidic device with eight chan-
nels and sidewall roughness.

Thus, HC in microdomains, as shown in previous research
efforts,””"*" differs significantly from conventional scale cavitation
due to the dominant influence of surface effects and tension at the
microscale. In microfluidic systems, bubble behavior is strongly
affected by channel dimensions, surface properties, morphology, and
boundary interactions. The confined environment not only causes
asymmetric bubble collapse (intensifying cavitation) but also produces
unique chemical effects due to bubble collapse, as observed in the
experimental study of the authors on microscale devices.” This con-
trasts with conventional scale cavitation, where bubbles form and col-
lapse more freely in the bulk liquid environment, and the related
dynamics are primarily driven by inertial forces with reduced surface
interactions.
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The above-mentioned studies were devoted to the physics of cavi-
tation in the microscale. However, they mostly relied on optical techni-
ques such as high-speed imaging, particle image velocimetry (PIV),
laser-induced fluorescence (LIF), and shadowgraphy for HC character-
ization. Although these techniques provide valuable insights into the
dynamics and properties of HC, one of the main challenges arises
from the multiple scattering and reflection effects in optical characteri-
zation.”' This issue persists in the PIV and LIF visualization techni-
ques, especially upon the addition of scattering light contamination
from tracer particles in these techniques.’' Hence, most PIV and LIF
visualization techniques are not very adequate for monitoring the
events inside cavitating flows and measuring bubble properties such as
velocity field, size, and shape.”'** Moreover, these techniques require
specialized optical instrumentation, and particularly for HC-on-a-chip
devices, they could have limitations in terms of accessibility and afford-
ability. Optical measurement techniques also need at least one trans-
parent side of a microscale cavitation device. Therefore, the design and
fabrication of HC-on-a-chip devices that are both transparent and
capable of withstanding high pressures constitute another challenge.”
Auxiliary measurement techniques and tools are required to fully
assess the effects of related parameters and shed light on the physics of
microscale cavitating flows.

In most of the studies, static pressure measurements were per-
formed upstream and downstream of the microchannels to calculate
cavitation number.”’ The cavitation number is a dimensionless num-
ber mainly used to characterize the state of HC,*

P,—P,
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where P, and P, are the ambient and vapor saturation pressures of the
liquid, respectively. p and V are the density and velocity of the working
fluid. Cavitation intensity and effective length increase upon a decrease
in cavitation number.” According to Sawant et al,”” the cavitation
number could be used as a preliminary index to assess the relative per-
formance of cavitation since it represents the relative intensity of cavi-
tation. Pipp et al.”® used computational and experimental methods to
measure the attached sheet cavity length inside a venturi and presented
its relationship with the cavitation number. While the cavitation num-
ber is a useful tool for quantifying cavitation, there are several draw-
backs associated with its functionality since it does not include crucial
parameters for HC characterization, such as geometric parameters,
temperature, and the presence of impurities in the fluid.”***’ For
example, Ge et al.*' showed that temperature variation also affects the
HC cavitating flows in a venturi device, including cavity length and
thickness, flow regime transition, and cavitation intensity. Moreover,
HC is a dynamic process where bubbles develop and collapse rapidly
upon the changes in pressure and flow conditions.”® Therefore, this
could result in the misrepresentation of cavitation behavior in systems
with highly variable cavitating flow conditions, especially in microscale
HC studies. Apart from cavitation number calculation, static local
pressure measurements are also used to characterize the cavitating
flow inside a commercial-scale nozzle. Bauer et al.”” measured local
static pressure variations at six different points on the cavitating nozzle
wall using pressure ports placed along the same line within the nozzle.
They simultaneously explained the pressure variations during different
cavitation stages with visualization and demonstrated that these
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cavitation stages can be described by the corresponding pressure
curves in a commercial-scale nozzle. In another study, Cioncolini
et al.” investigated the pressure drop across the micro-orifice plates
and investigated the discharge characteristics by measuring static pres-
sures at the upstream and four different locations downstream of
micro-orifice plates.

While theoretical studies focused on static pressure fluctuations
inside the channels to characterize the cavitation processes in microdo-
mains,””* there are no studies that explain cavitating flow patterns by
generating static pressure curves inside the microchannels.
Accordingly, the development of new characterization methods and
procedures is crucial for the facile characterization of HC behavior in
the small scale, where most of the characterization depends on flow
visualization techniques. To the authors’ best knowledge, this study is
the first study to capture real-time static pressure measurements along
the microchannel walls as a monitoring tool to detect cavitation incep-
tion, twin sheet cavitation formation, and cavitation development in
HC-on-a-chip. While many studies rely on high-speed imaging and
high-frequency pressure pulsation measurements to investigate the
cavitating flow morphology, the proposed approach offers a cost-
effective and practical real-time monitoring tool for cavitation detec-
tion in HC-on-a-chip devices, minimizing or even eliminating the
need for complex high-speed visualization. For this, variations in static
pressure along a short microchannel at different locations and walls
inside cavitation-on-a-chip devices were monitored in real time. Static
pressure measurements performed on both microchannel walls facili-
tated the investigation of cavitation, which can develop differently on
each wall. Two microfluidic devices were designed and utilized for this
purpose. These devices have the same geometry; however, the in-
pressure ports have different configurations. Pressure measurements
were performed under cavitating flow conditions at three different
point locations along the microchannel for each device. The locations
of the pressure ports depend on the hydraulic diameter of the micro-
channel in the devices. According to the results, the inception and
development of cavitation affect the pressure values at these ports.
Using these pressure changes with time, the inception and develop-
ment of cavitation in devices could be monitored. Visualization was
also performed simultaneously with a high-speed camera during the
measurements. The results showed that local pressure measurements
inside the microchannel could be used to detect, investigate, and con-
trol the dynamic and complex nature of HC on a chip without the
need for visualization, and corresponding flow morphology could be
constructed with this approach.

Il. MATERIALS AND METHODS
A. Device configuration

The microfluidic devices, as shown in Fig. 1, were designed as
twin microfluidic cavitation-on-a-chip platforms. Their channel design
parameters are identical, while the locations of the pressure measure-
ment ports are different. The design parameters are included in
Fig. 1(c). They consist of three regions: the inlet, microchannel, and
extension. The lengths of the inlet and extension parts are 3000 ym,
and the length of the microchannel part is 2000 um. The channel
widths are 900 um for the inlet and extension regions and 400 ym for
the microchannel region. The flow-restrictive part (microchannel) is
responsible for the sudden pressure drop that triggers cavitation.
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In order to measure local pressures in the devices, three pressure
ports, one above and two below the microfluidic channel, were formed.
The locations of the ports where static pressure measurements were
performed and their distances to the walls are displayed in Fig. 1 for
the two tested microfluidic cavitation-on-a-chip devices. For the first
microfluidic device, the P1, P2, and P3 ports are 6 Dy, 9Dy, and 15 Dy,
away from the entrance of the microchannel, respectively, while they
are 4Dy, 13Dy, and 18 Dy, away from the entrance of the microchan-
nel for the second microfluidic chip, respectively. These specific posi-
tions were chosen to capture the pressure variations in regions before
(upstream), within, and beyond (downstream) the microchannel, the
flow-restrictive element responsible for the sudden pressure drop that
triggers cavitation. By selecting these distances, the experimental setup
ensures the coverage of key transitional zones in the flow, including
the initial stabilization zone, primary cavitation development region,
and recovery region where there is a pressure rise after the cavitation
zone. The use of proportional distances to Dy, allows for the compari-
son of the experimental data with established nondimensional parame-
ters such as Reynolds and Weber numbers, which will be critical for
scaling and interpreting cavitation behavior in near-future studies.
This setup provides a detailed understanding of pressure dynamics
and cavitating flow morphology, covering the full spectrum of the cavi-
tation phenomenon. The hydraulic diameter of the channel was calcu-
lated using the following formula: Dy, = 29I, where W is the width
and H is the depth of the microchannel.

B. Microfluidic device design and fabrication
procedure

The fabrication process flow of microfluidic devices includes cru-
cial steps such as wafer grinding, SiO, coating, photolithography, SiO,
and silicon etching, protective layer deposition, wet etching, piranha
cleaning, and anodic bonding. The process flow is shown in Fig. 1(d).
These steps ensure the fabrication of robust microfluidic cavitation-
on-a-chip devices capable of withstanding high pressures. Double-side
polished silicon wafers with a thickness of 380 um were used, and a
glass wafer with a thickness of 380 um was anodically bonded on top
of the silicon wafer to cover the channels and allow for visualization.
The detailed fabrication process of microfluidic devices was reported
in our previous work.”

C. Experimental setup and procedure

The experimental setup shown in Fig. 2 includes a high-pressure
nitrogen tank (Linde Gas, Gebze, Kocaeli, Turkey) to supply the
desired inlet pressure to push the liquid through the system. High-
pressurized nitrogen gas was introduced to the system in a controlled
manner using a pressure regulator and a pressure sensor (Omega,
Manchester, UK). The nitrogen tank was connected to a stainless-steel
liquid container (Swagelok, Erbusco, Italy) through stainless-steel tub-
ing (Swagelok, Erbusco BS, Italy). To ensure a secure and controlled
setup, the microfluidic device was sealed within an aluminum package,
equipped with appropriate inlet and outlet ports (Fig. 2). Micro O-
rings and suitable connectors (Swagelok, Erbusco, Italy) were utilized
to prevent any leakage in the system. Fine valves and stainless-steel
tubing were used to establish connections between the package and the
fluid container. A pressure sensor (Omega, Manchester, UK) (with an
accuracy value of *£0.25% and a range of up to 3000kPa) was
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ports serve for real-time pressure measurement purposes. (c) Geometrical parameters of the microfluidic device. (d) Fabrication process flow of cavitation-on-a-chip devices.

sensor

Cavitation-on-a-
chip device —
package

Valve Filter @

Pressure

~——

Package &
Pressure

transducetsE

2
2
3
3

_‘
4

MATLAB

camera
Point halogen
light source

High-speed& \

—

Screws «——

PMMA
lids

Micro o-rings Cavitation on-a-chip

- device
Inlet —
Pressure transducer Pressure transducer
housing housing

FIG. 2. The exploded view of the package
of cavitation-on-a-chip device and the
experimental setup consisting of a hydro-
dynamic cavitation (HC) test section and
real-time pressure measurement system
including pressure fransducers and a
high-speed camera.

Phys. Fluids 37, 022009 (2025); doi: 10.1063/5.0250303
Published under an exclusive license by AIP Publishing

37, 022009-4


pubs.aip.org/aip/phf

Physics of Fluids

incorporated into the experimental setup to measure the upstream
pressure. Moreover, three PX309 type absolute pressure transducers
with a range of up to 690 kPa (Omega, Manchester, UK, 0.25% accu-
racy and 1 msec response time) were installed in the suitable housings
within the package (Fig. 2). The utilized pressure transducers have a
sensitivity of 14.5 mV/kPa, which means that for every 1 kPa, a change
in the pressure leads to a 14.5mV change in the output signal. This
sensitivity ensured that small changes associated with the cavitation
inception and its development could be conveniently captured. These
housings were connected to the pressure ports in the HC-on-a-chip
devices via pressure channels, as shown in Fig. 1. These pressure trans-
ducers allowed the local measurements of pressure changes during
cavitation at the pressure port locations. It should be noted that the
current pressure sensor configuration is not capable of effectively cap-
turing or resolving shock waves. However, the previous research of the
authors has demonstrated that it is feasible to use fiber optic sen-
sors,"” " which the authors will plan to explore in a near-future study.
Keysight 34970 A Data Acquisition/Data Logger Switch Unit was
employed to acquire data from these pressure transducers. Keysight
34901 A plug-in module, which is a multiplexer for general-purpose
scanning, was inserted into a mainframe slot of the data acquisition
device. This data acquisition unit was connected to a workstation
through RS232 interfaces so that the data were collected and moni-
tored using the MATLAB software.

Flow visualization inside the microfluidic cavitation-on-a-chip
devices could be made thanks to the glass wafer that allowed flow
monitoring within the channel. To record cavitating flow patterns dur-
ing the experiments, a double-shutter CMOS high-speed camera
(Phantom VEO-710L) was employed. The camera had a resolution of
1280 x 800 pixels, with a pixel size of 0.02 mm. A macro-camera lens
(type K2 DistaMax) with a focal length of 50 mm and an f-number of
1.2 was used in conjunction with the camera for optimal recording.
The camera was positioned at a distance of 200 mm from the alumi-
num package to capture the focal area, and only the central region of
the lens was utilized for visualization. The images were acquired at a
rapid frame rate of 2000 fps, with a shutter speed of 2000 s ' and an
exposure time of 500 us. To ensure suitable illumination, a point halo-
gen light source was positioned in front of the fluidic devices, provid-
ing the necessary front light for better visualization with the high-
speed camera.

The working fluid (in this study, water) was filled into a liquid
container with the use of a high-pressure nitrogen tank that was con-
nected to the top of the container, which pushed the liquid into the
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system. The upstream pressure was controlled by a high-pressure
nitrogen tank connected to a stainless-steel liquid container. The pres-
sure applied at the inlet was regulated to ensure a steady flow of the
working fluid into the microfluidic device. In-channel pressure mea-
surements for both devices were initiated at an upstream pressure of
850 kPa, with no cavitation present. The upstream pressure was then
gradually increased, and the experiments were concluded at 1760 kPa.
Regarding the outlet, it was connected to the atmosphere, providing an
atmospheric outlet pressure. This setup can generate a pressure drop
across the microchannel, which is the primary driving force for cavita-
tion within the flow-restrictive section of the device. The test tempera-
ture was maintained at room temperature, approximately
22°C £ 1°C, as the experiments were conducted in a controlled labo-
ratory environment. These conditions ensured the consistency in flow
behavior and cavitation dynamics during the experiments. The work-
ing fluid passed through valves, a pressure sensor for static pressure
upstream pressure measurements, and a filter (with a 14 um pore size)
before entering the chip holder package. In the package, the working
fluid entered the microfluidic device, where HC occurred thanks to the
use of an embedded microchannel as the flow-restrictive element, and
then exited through the device outlets. During the cavitation process,
the cavitating flows were visualized by a high-speed camera. The col-
lected data were directly transferred to the workstation for image anal-
ysis. The pressure variations were recorded via the integrated pressure
transducers. During all experiments, visualization and corresponding
pressure variations were recorded simultaneously. All the pressure
transducers were calibrated before the experiments.

lll. RESULTS AND DISCUSSION

Figure 3 displays the pressure variations at the three different
locations [Figs. 1(a) and 1(b)] within device 1. The corresponding HC
flow images for each time section are provided in Fig. 4. Accordingly,
HC inception, formation of twin sheet cavities, and developed cavita-
tion can be detected.

First, the system started to run, and the time t, was the moment
when cavitation first occurred in the system. At this time, cavitation
inception can be observed as a small sheet cavity at the upper wall of
the microchannel [Fig. 4(a)]. At this moment, the measured pressures
are 227.5, 185.2, and 92.13 kPa, for the ports P1, P2, and P3, respec-
tively. According to Fig. 3, there is a small pressure drop just before the
to, at the (t=t, - 0.5, P1 =224.7 kPa), and then a recovery when the
sheet cavity becomes stable. This observed anomaly in the pressure of
P1 highlights the cavitation inception near this port [Fig. 4(a)].

Formation of twin

] t !

[

FIG. 3. (a) Changes in pressure at pres-
sure ports 1, 2, and 3 during hydrody-
namic cavitation (HC) in device 1 from the
start of the test. (b) Magnification between
0 and 40s. The vertical dashed lines rep-
resent the selected time sections.
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After the pressure recovery at around t,, the pressure starts to
increase again until 240kPa, which is the maximum pressure value
measured at the P1 port. At this time, the inception cavitating flow pat-
tern exists along the microchannel as a single-sheet cavity. Just beyond
this point, the pressure suddenly drops from 240 kPa to 194 kPa within
0.69seconds (Fig. 3). When the pressure at the P1 port becomes
193.5kPa at t;, the pressure values in the other ports, P2 and P3, are
212.2 and 92.18 kPa, respectively. Figure 4(b) shows the HC phenome-
non at the mentioned pressures, where twin sheet cavities form at both
walls of the microchannel. The formed sheet cavity at the lower wall
develops and passes the P1 location, while the measured pressure value
for P1 continues to drop. However, the pressure ascends at P2 (Fig. 3).
The increase in P2 continues until reaching a maximum value of
231kPa at t, when the pressures at P1 and P3 become 84.3 and
92.8 kPa, respectively. At this moment, the sheet cavity develops and
gets closer to the P2 location [Fig. 4(c)]. When the cavitating flow
touches the P2 port, the measured pressure at this location suddenly
drops. This drop happens between t, and t;, where the sheet cavity is
in shedding mode between the P1 and P2 locations. A sudden pressure
reduction happens at these ports upon the arrival of the cavity on the
lower wall of the microfluidic device. At port 3, which is the nearest
pressure measurement location to the outlet of the microchannel, the
pressure increases slightly upon an increase in the upstream pressure.
However, at time t,, it starts to decrease similar to the other pressure
port (Fig. 3) when the P3 pressure reaches 96.3 kPa. At this moment,
the sheet cavity arrives at the P3 location [Fig. 4(e)]. After t, it extends
slowly, followed by a slight pressure drop in P3. At the time of ts, the
pressure at the P1 port further drops and reaches an almost steady
state around 32 kPa whereas the pressures at the other ports continue
dropping. At this time, it can be observed that the sheet cavity on the
upper wall is above the P3 port location [Fig. 4(f)].

500 um
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Although cavities on both walls of the microfluidic device move
along the microchannel length at ts, the local pressure at P3 has still a
decreasing trend. In addition, the decreasing trend in P3 even after t;
suggests that the cavity length is extended beyond the location of P3
[Fig. 4(g)], where the pressure values for both P1 and P2 are stabilized
after tg, reaching the pressure of 29 and 32 kPa, respectively. However,
P3 becomes 56.5kPa at the end of the test after it starts to become sta-
ble (Fig. 3). The cavity length is mostly considered as a major parame-
ter to represent the intensity of cavitation."' However, the estimation
of its exact length is challenging. The approach presented here could
be a suitable methodology to characterize the cavity length by utilizing
different pressure ports without relying on visualization and cavity
length measurements.

The pressure variations with time since the start of the system are
depicted in Fig. 5 for the second microfluidic cavitation-on-a-chip
device, which has the same geometry as the first microfluidic device
but different pressure port locations. This device was designed and fab-
ricated to be able to monitor the pressure at different locations within
the microchannel. This design aimed to provide a further understand-
ing of the pressure variations of HC along the microchannel. The pres-
sure ports were placed at positions of 4 Dy, 13 Dy, and 18 Dy, from the
microchannels entrance, denoted as P1, P2, and P3, respectively
[Fig. 1(b)].

Corresponding images are provided in Fig. 6. Similar HC fea-
tures, cavitation inception, twin sheet cavities, and developed cavita-
tion can be observed for device 2.

After starting the system, cavitation inception is detected at the
time t, when the pressures at P1, P2, and P3 ports are 208.6, 112.7, and
76.8 kPa, respectively. At to, cavitation inception is observed on the
upper wall as in the previous case [Fig. 6(a)]. In this case, the pressure
at P1 first increases and reaches its maximum value of 234 kPa

. .
P2 —— o

500 um

FIG. 4. HC flow visualization at different time sections from the start of the test. (a) When cavitation inception is detected on the upper wall at time t; (P1=227.5kPa,
P2 =185.2kPa, and P3 =92.3kPa). (b) Formation of twin sheet cavities when sheet cavities are detected on both microchannel walls when the pressure at P1 reduces to
193.5kPa and at P2 increases to 212.2 kPa, 15 seconds after cavitation inception. (c) Developed twin sheet cavities beyond the P1 port location when the pressure at P1 fur-
ther reduces to 84.3 kPa and the pressure at P2 increases to its maximum of 231.2 kPa. (d) Sheet cavities developed at the location of the P2 port, accompanied by a reduction
in pressure values at P2, similar to those at the P1 port (P1=55.4 kPa, P2 =207 kPa, and P3 =93.7 kPa). (e) Developed sheet cavities beyond the location of the P2 port.
Sheet cavities extend beyond the P2 port location and move closer to the P3 port location. At this time, the pressure at the P3 port reaches its maximum (P1 = 37kPa,
P2 = 67kPa, and P3 = 96.3 kPa). (f) Developed sheet cavities at the location of P3 port, while pressure at P3 port is in a decline trend, and pressures at P1 and P2 ports start
to stabilize (P1 = 32kPa, P2 =41kPa, and P3 = 81.3kPa). (g) Fully developed sheet cavities beyond all the pressure port locations with stabilization observed in all pressure

values. (P1=30kPa, P2 =33kPa, and P3 = 63.8 kPa).
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(to-0.45s) followed by a more pronounced pressure drop. This change
is a sign of cavitation inception close to the P1 port on the upper wall
[Fig. 6(a)] as in the previous case. However, the pressure at the P1 port
does not recover after the appearance of the sheet cavity on the upper
wall. It should be mentioned that after cavitation inception occurs, the
sheet cavity on the upper wall slowly extends along the channel
[Fig. 6(b)]. At this time (t;), the pressure value at P1 slightly drops to
197.7 kPa. However, the pressure at the P2 port increases to 120.5kPa.
Subsequently, a moderate pressure drop starts at P1 while the pressure
at P2 continues to increase. At t, in Fig. 5, the pressure at P1 drops to
175.5 kPa, and P2 increases to 129 kPa. Figure 6(c) shows that the sheet
cavity develops further along the channel. These observations show
that the appearance of cavitation inception and the development of
sheet cavity on one of the walls could be detected with the pressure

sensors located on the opposite wall of the microchannel. The develop-
ment of the single-sheet cavity continues until t;. At this time, as
shown in Fig. 6(d), twin sheet cavities form inside the microfluidic
channel when the pressure values at the P1, P2, and P3 ports are
95kPa, 138.3, and 74.3 kPa, respectively. Similar to the previous device,
before the formation of twin sheet cavities, a sudden pressure drop is
observed at P1 port (Fig. 5). In this case, pressure values at P1 port
drop from 167 kPa to 95 kPa when twin sheet cavities form. However,
the pressure at P2 port at this time reaches its maximum value of
138.6kPa (Fig. 5-t3). Accordingly, at time ts, as indicated in Fig. 6(d),
the sheet cavity on the upper wall becomes closer to P2 port, which is
consistent with the previous device. After t;, the pressure values at P2
port start to drop, and the drop at P1 port continues (Fig. 5). The sheet
cavity on the upper wall exceeds beyond the location of P2 and extends

FIG. 6. HC visualization at different times from the start of the test. (a) Cavitation inception on the upper wall when the pressure at the P1 location drops from 234 kPa to
208.6 kPa (P1=208.6 kPa, P2 = 112.7 kPa, and P3 = 76.8 kPa). Until t5, this single-sheet cavity develops along the microchannel, accompanied by a reduction in pressure at
location P1 and an increase in pressure at location P2. (b) Developed single-sheet cavity (P1=197.7 kPa, P2 = 120.5 kPa, and P3 = 75.5 kPa) near the P1 pressure port loca-
tion level. (c) Developed sheet cavity on the upper wall beyond the level of P1 port (P1=175.5kPa, P2 =129 kPa, and P3 = 74.7 kPa). (d) Formation of twin sheet cavities
after a sudden pressure drop at the P1 location and sheet cavity on the upper wall develops near the location of the P2 port when the pressure at the P2 location reaches its
maximum. (P1=95kPa, P2 =138.6kPa, and P3=74.3kPa). (e) Developed sheet cavity beyond the location of P2 port accompanied by pressure decrease at P2 port
(P1=235.6kPa, P2 =116 kPa, and P3 =72.6 kPa). (f) Fully developed sheet cavity on the upper wall (P1 =27 kPa, P2 =52 kPa, and P3 = 69 kPa). (g) Where a sudden flow
pattern change occurs: a fully developed sheet cavity on the lower wall accompanied by a sudden pressure drop at P3 location and a shortened sheet cavity on the upper wall
(P1=26.8kPa, P2=47kPa, and P3 =66 kPa). (h) End of the test. Fully developed sheet cavitation on the lower wall and sheet cavity on the upper wall (P1=24kPa,

P2 =40kPa, and P3 = 51kPa).

Phys. Fluids 37, 022009 (2025); doi: 10.1063/5.0250303
Published under an exclusive license by AIP Publishing

37, 022009-7


pubs.aip.org/aip/phf

Physics of Fluids

Pressure(kPa)

- N N N
<] [=3 N H
o o o o
I 1 I I
/
/’j

160 ¢

Os 5s 1 6s 1 és 265 25s
Time(s)

further, as shown in Fig. 6(e), at time t,. After this time, the pressure at
P1 port becomes stabilized (27 kPa), and the cavity covers at least one
side of the wall [Fig. 6(f)] at time ts.

At time tg, the developed sheet cavity on the upper wall shortens,
and the sheet cavity on the lower wall extends to the end of the micro-
channel [Fig. 6(g)]. This behavior reveals the dynamic nature of sheet
cavities. Simultaneously, the pressure values at P2 and P3 ports change
after ts when this event happens. (Fig. 5). Accordingly, pressure values
start to increase slightly after a small pressure drop at P3 port.
However, the decreasing trend at P2 port continues, albeit at a reduced
rate. After t;, these pressure values start to be stable. P1, P2, and P3
pressure values are 24, 37, and 53 kPa at the end of the test, respectively
[Fig. 6(h)].

In contrast to other pressure ports, the local pressure has a
decreasing trend with the upstream pressure at port 3 (Fig. 5). It can
be observed that although there is a considerable cavity length on both
sides and the arrival of the cavity at P3 port at t;, the local pressure at
this port does not get below 50 kPa. This fact is also valid for the previ-
ous device.

The major reason for the difficulty in the detection of inception
and flow pattern evolution lies in the stochastic nature of cavity forma-
tion and unsteady pressure fields in cavitating flows. It is almost
impossible to have the same cavity formation, development, and col-
lapse in identical devices under the same conditions, such as the
upstream pressure. Therefore, rather than using the upstream or
downstream pressures responsible for determining the cavitating flow
patterns, the focus should be on the real-time local pressure measure-
ments inside the device. Considering the cavitation inception detection
using the approach (in Figs. 3 and 5), it is proven that although in-
channel pressure measurement locations are 4 Dy, and 6 Dy, away from
the inlet of the microchannel, they could detect the pressure decrease,
which is a sign of incipient cavitation according to conducted experi-
ments. In Figs. 4 and 6, cavitation inceptions are first detected on the
upper wall of the microfluidic channel. It can also be observed that
before the cavitation inception first occurs on the wall below, a similar
pressure decrease can be obtained at the location of 4 Dy, from the inlet
(Fig. 7). These small pressure decreases could be used to predict cavita-
tion inception since cavitation inception is detected in the devices
upon these decreases during all the experiments.

After cavitation inception, the cavitating flow extends through
the microchannel (Figs. 4 and 6). Meanwhile, the pressure values

ARTICLE pubs.aip.org/aip/pof

FIG. 7. Pressure variations at pressure
port 1 (at the location of 4 D) when cavi-
tation first appears on the lower wall in
device 2. After a small pressure decrease
(55), cavitation is first visually detected at
to- The smooth pressure rise is obtained
as the cavitating flow approaches the P1
port, followed by a steady decrease in
pressure as the cavitating flow extends.
The pressure then sharply decreases, and
cavitating flow is observed on the upper
wall at time t;.

500 unit

recorded at the wall pressure ports for locations of 4 Dy, 6 Dy, 9Dy,
13Dy, and 15Dy, from the inlet increase. Afterward, a noticeable
decline in pressure values is observed at these locations of the pres-
sure ports when they reach their maximum values. Consequently,
the maximum measured pressure at each location occurs when the
corresponding cavitating flow reaches these locations. Subsequently,
the pressure at these ports begins to decrease, coinciding with sheet
cavities contacting the pressure ports. This can be attributed to the
growth of low-pressure regions along the channel as the upstream
pressure increases.”’ Moreover, it can be caused by the formed bub-
bles within the microchannel; hence, the existence of these bubbles
leads to a pressure decrease. The mentioned trend was attributed to
the surface tension effect by Gravesen et al."® These observations
and pressure measurements indicate that the maximum pressure
that can be measured is dependent on whether the formed cavitat-
ing flow is developed near this location within the channel or not.
Since the locations of these pressure ports along the channel are
known, maximum pressure values and local pressure variations
could be used to predict the cavity length and cavitating flow
patterns.

Accordingly, Fig. 8 displays the predicted cavity length and
cavitating flow patterns obtained from the local pressure measure-
ments in both devices. In device 1, the formed sheet cavities on
both walls develop in almost the same manner over time. Local
pressure variations in this device (Fig. 3) do not show any sudden
local pressure changes. However, these pressure trends are different
in device 2. The sheet cavity on the upper wall develops more com-
pared to the lower wall up to 155s. After this time, P2 and P3
ports experience sudden pressure changes where a change in flow
pattern is predicted in device 2 based on the local pressure values
at these port locations. The reduction in the decrease rate of the
pressure at the P2 port indicates that the sheet cavity is not at
the location of the P2 port, and it is shortened (at 162s). Moreover,
the sudden pressure decrease at the P3 port indicates that the sheet
cavity develops to this location on the lower wall at 162s. It is clear
that the schematics are similar to the flow images obtained from
high-speed visualizations (Figs. 4 and 6). This proves that cavitating
flow physics and characteristics can be captured with local pressure
measurements without any visualization by a high-speed camera.
This approach can automatically detect any change in cavitating
flow behavior and construct flow morphology in real time.
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FIG. 8. The cavity length obtained from local pressure measurements for device 1(a) and device 2 (b). Schematics of constructed flow morphology for device 1(b) and device 2

(c) based on the pressure measurements.

IV. CONCLUSION

In this study, cavitation inception, cavitating flow patterns, and
developed cavitation were characterized through the monitoring and
measurement of local pressure variations on the microchannel walls in
microfluidic cavitation-on-a-chip devices. To achieve this, two geomet-
rically identical microfluidic devices with different pressure measure-
ment locations were utilized. The locations of the pressure ports were
determined based on the distance from the microchannel entrance in
terms of hydraulic diameter Dy,. Pressure ports were located at distan-
ces of 6 Dy, 9Dy, and 15 Dy, from the entrance in device 1 and at dis-
tances of 4Dy, 13Dy, and 18 Dy, in device 2. In the light of pressure
measurements at different ports along the microchannels, it was possi-
ble to determine the HC flow morphology, intensity, and dynamic
changes (i.e., sudden expansion or shrinkage of sheet cavities) without
performing any visualization with a high-speed camera.

The presented method offers a straightforward approach for
observing and predicting cavitating flow behavior within microchan-
nels through real-time local pressure measurements. Accordingly, cavi-
tation inception can be detected by wall static pressure variations near
the entrance of the microchannel. Local pressures at distances of 4 Dy,
and 6Dy, from the entrance experience a small decrease, indicating
cavitation inception. Afterwards, the observed pronounced decrease at
these pressure ports suggests the formation of twin sheet cavities inside
the microchannel. The trends (increases, maxima, decreases, and stabi-
lization) in local pressure values reveal key insights about the sheet cav-
ity development and prediction of flow patterns. The findings of this
study could provide valuable guidelines for designing microfluidic sys-
tems, particularly in applications involving HC. In addition, pressure

monitoring along the microfluidic channels could be a stand-alone HC
diagnostic method. As a result, this study underlines the potential of
local pressure measurement in the detection and control of HC in
new-generation microfluidic devices. This approach could substan-
tially reduce the reliance on high-speed visualization, which will render
the design and operation of HC-based systems more functional,
robust, and cheaper.
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