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A B S T R A C T

This study presents an experimental investigation on the effects of the fluid temperature on hydrodynamic 
cavitation (HC) inside microfluidic devices (HC reactors) with multiple parallel microchannels. Three different 
reactors featuring microchannel configurations with hydraulic diameters of 89, 66, and 48 micrometers 
including 9, 21, and 37 microchannels respectively, were fabricated using the semiconductor-based micro
fabrication techniques. The microchannels have side wall roughness elements with a length of one-third of the 
entire microchannel length and a height of one-tenth of the hydraulic diameter. The fabricated HC reactors 
enable the investigation of cavitating flows under different thermophysical conditions at operating pressures 
ranging from 1.7 to 4.1 MPa and fluid temperatures at 23 ◦C, 33 ◦C, and 43 ◦C, and allow the observation of 
different cavitating flow morphologies, e.g., sheet, shear, and cloud cavities. According to the results, an increase 
in the temperature by 10 ◦C significantly raised the cavitation intensity. Furthermore, the scale effects amplify 
the effect of the temperature changes. Accordingly, the effect of the temperature is more dominant on the 
microscale compared to macroscale. An increase in the fluid temperature from 23 ◦C to 33 ◦C can double the 
cavitation penetration length in some microchannels within Reactor 1 at an upstream pressure of 3 MPa. The 
average penetration length at the extension region also increases (by approximately 70 % for Reactor 1, 50 % for 
Reactor 2, and 35 % for Reactor 3) upon change in the fluid temperature. The change in the cavitation intensity 
was larger for the temperature increase from 23 ◦C to 33 ◦C than for the increase from 33 ◦C to 43 ◦C which 
emphasizes the increasing dominance of thermal effects with temperature. This study offers understanding how a 
change in thermal properties influences HC at the microscale. The findings of this study can be utilized for scaling 
efforts in various applications relying on cavitation such as water treatment, microreactors, nanomaterial syn
thesis, and micro mixing.

1. Introduction

Cavitation is a phase change phenomenon that happens when the 
static pressure in a fluid flow falls below its saturation vapor pressure. 
The subsequent pressure rise along the flow leads to the collapse of small 
vapor-filled bubbles/cavities which results in a significant energy 
release to the surrounding area. This energy appears inside localized hot 
spots with temperatures and pressures as high as 5000 K and 500 atm, 
respectively [1,2]. Cavitation occurs in a wide range of cases from hy
draulic machinery to biotechnology and biomedical applications, 

including the production of biofuels [3], synthesis of materials [4], 
brewing of beer [5], and wastewater treatment [6].

Microfluidic devices have emerged as an outstanding platform in the 
study of microscale fluid dynamics, which offers unique possibilities for 
conducting experiments that would have been difficult to accomplish on 
a larger scale such as high elasticity and low Reynolds number flows [7], 
inertial microfluidics [8], drug delivery and diagnostic devices [9]. 
Notably, local pressure drops measurements have convincingly vali
dated the classical Navier-Stokes equations, even for channels as small 
as 4.5 micrometers in the height where Knudsen number is small enough 
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to assume continuum mechanics [10,11]. However, multiphase flows 
were reported to have different behavior on the microscale when 
compared to conventional scale multiphase flows [12,13]. In this regard, 
significant differences between microscale and conventional scale 
cavitating flows were revealed in the literature [14,15].

Although there is no clear definition for cavitation intensity, it is 
typically assessed by considering parameters such as the size and shape 
of cavities [16,17]. In addition, the effectiveness, treatment ratio, and 
economic efficiency are other indirect but important parameters [2,18,
19]. For instance, multiple studies repeatedly emphasized that the 
generation of facile cavitating flows could have a significant impact on 
water treatment, erosion rates, and other related processes [20–24]. 
Alongside the cavitation intensity, various factors including the intake 
pressure, pH levels, gas content, reagent concentration, working fluid, 
and duration of the treatment play a significant role [25–27].

Major thermophysical properties such as density, viscosity, vapor 
pressure [2], thermal conductivity [28], heat capacity, and latent heat 
[29] influence the generation and collapse of cavitation bubbles. For 
instance, higher thermal conductivity of lighter noble gases causes more 
thermal dissipation during the bubble collapse, leading to a lower peak 
temperature [28]. Variations in the fluid temperature alter these prop
erties which affect the morphology of cavitating flows. At lower scales, 
due to higher surface to volume ratios, the significance of the surface 
tension and viscous effects grow. The thermal diffusion, heat transfer 
rate and energy dissipation vary accordingly which affects the stability 
and behavior of cavitation bubbles.

Most studies on HC have neglected the effects of the working fluid 
temperature and have assumed isothermal conditions instead, which 
might not be suitable for cryogenic fluids or hot fluids. Hot water has a 
more pronounced temperature-saturation pressure relationship with a 
steeper curve and lower liquid-vapor density ratios compared to cold 
water. As a result, during bubble growth, latent heat becomes essential 
to sustain a similar vapor cavity size. Additionally, the evaporative 
cooling effect substantially reduces the temperature in the liquid around 
the locations of cavitation, which corresponds to several degrees lower 
than the bulk temperature of the surrounding liquid [30,31] and em
phasizes on the importance of thermal effects in understanding the 
cavitation phenomenon. In a related study, Petkovsek et al. [22] used 
the high-speed IR thermography method to investigate real-time fluc
tuations in the temperature and explore erosion caused by cavitation at 
water temperatures ranging from 30 ◦C to 100 ◦C. Their findings 
revealed a strong correlation between the cavitation intensity and 
temperature. The largest erosion rate was observed at approximately 60 
◦C in their study. Iga et al. [32] investigated how elevated water tem
peratures influenced cavitation behavior on a NACA0015 hydrofoil. 
They conducted experiments within a temperature range from 20 ◦C to 
140 ◦C and observed that at 140 ◦C, the cavity length was consistently 
shorter than that at 20 ◦C for all cavitation patterns, indicating a sig
nificant thermodynamic suppression effect at higher temperatures. 
Additionally, temperature measurements inside the cavities revealed a 
reduction of approximately 0.3 ◦C at 80 ◦C and 0.05 ◦C at 20 ◦C under 
supercavitation conditions. Cervone et al. [33] investigated the influ
ence of the temperature on cavitation by conducting experiments at 
three distinct water temperatures: 25 ◦C, 50 ◦C, and 70 ◦C. By keeping 
the cavitation number and flow speed fixed, they found that the 
longest-lasting attached cavity occurred at a temperature of 70 ◦C. In 
another study, Zheng et al. [34] investigated the temperature effect on 
the hydrodynamic characteristics of Rotational Super cavitating Evap
orator (RSCE) by visualizing the cavitating flows at different water 
temperatures in RSCE under different rotational speeds. Their result 
suggested that the thermodynamic effect of cavitation was not signifi
cant at temperatures below 60 ◦C. Only slight changes were observed in 
the incipient cavitation number, which requires further investigations. 
In the study of Chen et al. [29], thermal effects were found to signifi
cantly alter cavitation behavior. Evaporative cooling within the cavity 
lowers the local temperature and saturation vapor pressure, which in 

turn increases the local cavitation number and results in a shorter, less 
developed cavity on a hydrofoil.

Although there have been extensive research efforts on cavitation, 
the impact of the working fluid temperature on this phenomenon was 
not considered at the microscale. Few studies, which were devoted to 
temperature effects on cavitating flow patterns, are available at the 
macroscale, where the surface tension and surface area-to-volume ratio 
are not dominant compared to inertial forces [35,36]. The recent in
vestigations at the microscale illustrated that the cavitating flow pat
terns at this scale are different compared to macroscale [26,37,38]. The 
chemical effects which are the direct outcome of the thermal effects as a 
result of the cavitation bubble collapse are more intense at the micro
scale as well [39]. This suggests that the temperature effects of the 
working fluid could be influential at the microscale. In addition, the 
interactions between the fluid and boundaries at the microscale could 
affect the velocity profile and flow resistance [40]. The area-to-volume 
ratio also makes the effect of viscous forces important at the microscale. 
The concept of “HC on a chip” which has been introduced as a suitable 
platform for local HC investigations inside the microfluidic devices [41] 
could be taken into account in comprehensive parametric studies on HC 
at the microscale. In this study, we investigated the effect of working 
fluid temperature on cavitating flows and cavitation intensity at the 
microscale. The penetration length and void fraction were considered as 
the intensity parameters. The effect of temperature variations on the 
inception and characteristics of cavitating flows inside microfluidic 
devices housing multiple parallel microchannels were investigated 
where velocity profiles also affected the cavitation intensity in different 
areas of the cavitation on a chip according to its geometry and flow 
conditions. These findings could present valuable guidelines for 
designing efficient HC reactors to be used in many applications 
including chemical processes, medical devices, and energy systems. Our 
study will thus help in optimizing operating conditions for these appli
cations by examining the temperature effect at the microscale which 
could trigger advances in the design and operation of HC reactors as well 
as microfluidic devices involving HC.

2. Methods and materials

2.1. Experimental setup

Fig. 1 presents a schematic of the experimental test rig used for the 
generation of cavitating flow patterns at different temperatures. For this, 
three different microfluidic devices (HC reactors) with different hy
draulic diameters (Dh) of 48 µm, 66 µm, 89 µm were designed and 
fabricated using the standard microfabrication techniques. The reactors 
consist of an inlet port and inlet channel, microchannels, two ports for 
pressure measurement, and an open end for flow to discharge. Two ports 
were also considered as the outlet ports to ensure the reactor function
ality in the closed end situation. A sandwich holder, which houses the 
reactors, enables all the ports to be closed when they are not needed. The 
details of the reactor dimensions are provided in Table 1. Roughness 
elements are designed as triangular geometries to be fabricated by 
means of electron beam lithography and dry etching. Roughness ele
ments play a key role in increasing nucleation sites for cavitation bub
bles which can lead to more frequent bubble formation [26,42]. The 
total length of roughness elements covers one third of microchannel 
length since our previous studies proved a substantial effect on cavita
tion intensity for these roughness configurations [26]. Hydrodynamic 
diameters were also selected and varied based on our previous studies, 
where it was 66 µm, to account for the effect of geometry and multiple 
channels on facile cavitating flow generation [38,41]. All the HC re
actors include multiple parallel microchannels with different micro
channel sizes and numbers. It was made sure that the total cross section 
area was equal for all the three reactors. The fabrication process flow of 
the HC reactors is presented in Fig. 2. A 2μm thick photoresist of ECI 
3007 was used to pattern channels and ports on a 525 µm silicon wafer 
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(Fig. 2.b). Then 500 nm SiO2 layer was dry etched using SPTS Advanced 
Plasma System machine (Fig. 2.c). A 10 nm layer of Titanium and a 1 µm 
layer of Aluminum were sputtered on the backside of wafers by DP650 
magnetron sputtering machine to protect wafers against stress (Fig. 2.d). 
Afterwards, 500 nm of ZEP 520A EB resist was used for EBL process to 
etch the sidewall roughness elements which are in small triangular 
shapes (Fig. 2.e and f). Another 475 µm etching of silicon layer of only 
ports was performed using AZ 10XT-60 resist and SPTS Rapier etching 
machine (Fig. 2.g and h). Next, the whole pattern including ports, 
channels and roughness elements was etched for 60 µm using AZ 
10XT-60 resist and SPTS Rapier etching machine to shape the final 
design on wafer (Fig. 2.i). After removing Al and Ti protective layers and 
SiO2 layers by wet etching (Fig. 2.j and k) and cleaning wafer using the 
Piranha solution, anodic bonding of front glass on silicon was performed 
by SB6 machine (Fig. 2.l). More details on fabrication process could be 
found in our previous studies [26,38].

The experimental test rig consists of components including a high- 
pressure nitrogen tank (Linde Gas, Gebze, Kocaeli), a liquid container 
(Swagelok, Solon, Ohio, US), appropriate tubing (Swagelok, Solon, 

Ohio, US), 2 µm particle filter (Swagelok, Solon, Ohio, US) and fine 
control valves (Swagelok, Solon, Ohio, US). A pressure gauge (Omega, 
USA) with an accuracy of ±0.25 % and a range of up to 3000 psi was 
installed on the flow path downstream of the nitrogen tank exit to 
measure the upstream pressures. A homemade holder made of 
aluminum was designed and fabricated to enclose the HC reactors. To 
ensure a leak-proof system, silicone O-rings were employed as effective 
sealing components between the HC reactor and holder. The fluid 
temperature was measured by means of a thermocouple (Omega, USA) 
and a thermometer installed before the entrance of the particle filter 
(Uni-Trend Technology, China).

2.2. Experimental Procedure

Deionized water at three different temperatures, namely, ambient 
temperature (23 ◦C), 33 ◦C, and 43 ◦C, was introduced into the 
container. Using the fixed upstream pressure, which was supplied by the 
nitrogen tank, the liquid was pushed into the HC reactor from the top of 
the tank at upstream pressures from 1.7 MPa to 4.1 MPa, exiting as a jet 
flow to the ambience after passing through the reactor, and was visu
alized by the high-speed camera at the same time. The upstream pres
sures were chosen to allow inception, developed flow, and 
supercavitation conditions for water at ambient temperature, while 
considering the structural integrity of the reactors. A particle filtering 
valve (Swagelok, Solon, Ohio, US) was used to obstruct the flow of 
particles larger than 2 micrometers into the reactor. The dissolved N₂ 
content was not directly measured, but the same batch of deionized 
water was used for all experiments. At 33 ◦C, water typically contains 
about 20 mg/L of N₂ at 1 atm. Using the Henry’s law (C = kₕ⋅p), where kₕ 
is approximately 20 mg/(L⋅atm) for N₂ at room temperature, the equi
librium concentration can be obtained as: 

Fig. 1. Experimental setup for flow visualization including nitrogen tank, containers, HC reactor, and high-speed camera.

Table 1 
Device dimensions.

Reactor 1 Reactor 2 Reactor 3

Width of microchannels (µm) (W) 172 75 40
Hydraulic diameter (µm) (DH) 89 66 48
Length of microchannels (µm) (L) 2000 2000 2000
Depth of microchannels (µm) (D) 60 60 60
Number of microchannels (N) 9 21 37
Roughness elements height (µm) (Rh) 8.9 6.6 4.8
Number of roughness elements 75 101 139
Length of extension region 2000 2000 2000
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• At 1.7 MPa: 20 mg/L × 17 ≈ 340 mg/L
• At 4.1 MPa: 20 mg/L × 41 ≈ 820 mg/L

At 43 ◦C, these values would be slightly lower due to decreased N₂ 
solubility with increasing temperature. However, the pressurization step 
lasts for less than 10 s, and using the diffusion coefficient for N₂ in water 
(~2 × 10⁻⁹ m²/s), the diffusion depth for 10 s can be calculated as: 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2⋅D⋅t =

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 × 2 × 10− 9m2
/
s × 2s ≈ 200μm

√

This means that a thin layer near the interface can approach these 
high-pressure equilibrium values. Consequently, the variation in the 
dissolved N₂ content due to the upstream pressure (and the slight tem
perature differences between 33 ◦C and 43 ◦C) is minimal, and it is 
unlikely to significantly affect the bubble nucleation behavior under our 
experimental conditions. The mean flow velocity inside microchannels, 
vref (m/s), was calculated using the flow rate, size of channels, and 
number of channels as: 

vref =
V

6 × 10− 5 × W × N × t
(1) 

where
V is the volume of the fluid passed through channels within time t 

(incubicmeters),
W denotes the width of channels (in meters),
N represents the number of channels, and t is the time over which the 

volume is measured (in seconds).
Flow parameters are provided in Table 2.
At the microscale, the surface tension which decreases with the inlet 

temperature becomes a significant parameter in the formation and 
development of cavitating flows [43–45]. The surface tension of water is 
0.07232 N/m at 23 ◦C, whereas it is 0.07072 N/m and 0.06909 N/m at 
33 ◦C and 43 ◦C, respectively. Sidewall roughness elements with a length 
of one third of the entire microchannel length and a height of 0.1 Dh 
were selected for all the reactors in parallel lines with our previous 
studies [26], where intense cavitation was achieved. The cavitation 

number (σ) serves as a dimensionless number in characterizing the 
cavitation phenomenon: 

σ =
P − Pv
1
2 ρvref 2 (2) 

where P is the upstream pressure (Pa), Pv is the saturation vapor pressure 
of the liquid (Pa) which varies from 2812 Pa at 23 ◦C to 5036 Pa at 33 ◦C 
and 8651 Pa at 43 ◦C for water, and ρ is the liquid density (kg/m3). Low 
values of cavitation number suggest more intense cavitation [26,46].

The Reynolds (Re) number, which represents the ratio of inertial 
forces to viscous forces, is expressed as: 

Re =
ρvref Dh

μ (3) 

where μ is the dynamic viscosity of the fluid.
The Weber number (We) is another dimensionless number and 

Fig. 2. Process flow for microfabrication. (a) SiO2 coating. (b) Patterning channels and ports using lithography. (c) Dry etching. (d) Sputtering of Ti and Al. (e) 
Electron beam lithography for patterning roughness elements. (f) Dry etching. (g) Patterning port layers. (h) Dry etching. (i) Dry etching of whole patterns to shape 
the full device. (j) Wet etching of Al and Ti. (k) Wet etching of SiO2 layer. (l) Anodic bonding.

Table 2 
Flow parameters at each temperature and upstream pressure for Reactor 1.

Temperature Upstream Pressure 
(MPa)

Flow rate (ml/ 
s)

Mean velocity (m/ 
s)

23 ◦C 1.7 2.631 27.85
2.4 3.125 33.07
3 3.571 37.79
3.4 4 42.33
4.1 4.651 49.22

33 ◦C 1.7 2.663 28.18
2.4 3.159 33.43
3 3.61 38.2
3.4 4.04 42.75
4.1 4.684 49.56

43 ◦C 1.7 2.702 28.6
2.4 3.226 34.1
3 3.636 38.48
3.4 4.082 43.18
4.1 4.762 50.39
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relates the fluid inertia to its surface tension: 

We =
ρv2

ref Dh

γ
(4) 

where γ is the surface tension (N/m).

2.3. HC visualization and post-processing methodology

Cavitating flows inside the microchannels and extension region of 
HC reactors were recorded via a high-speed camera (Phantom VEO-710) 
equipped with a double-shutter CMOS sensor and an 8X lens. Images 
were acquired at 5000 fps for a resolution of 1280 × 800 pixels and 
exposure time of 200 µs. A cold light halogen source (SOIF 5100-L) was 
used to illuminate the cavitating flow patterns during recording. The 
acquired images were then analyzed to evaluate the void fraction within 
the cavitation regions. To enhance the clarity and contrast of images, 
image processing was utilized using Python programming language. 
Each image was rescaled in terms of the light intensity, setting the value 
of the darkest pixels to 0 and the brightest pixels to 1. Then, the average 
value corresponding to the void fraction for each channel exit zone was 
calculated as: 

Iave =

∑
(

1 − Ii
255

)

Np
(5) 

where Ii represents the intensity of each pixel, and Np is the total number 
of pixels.

Rescaling was applied to grayscale 8-bit images, where each pixel 
can represent 256 different shades of gray. This normalization of pixel 
values displays the contrast between the cases of cavitation and absence 
of cavitation, thereby allowing us to estimate the void fraction. How
ever, it should be mentioned that this method provides an approximate 
value rather than a direct quantitative measurement of void fraction. 
The extraction of void fraction from shadowgraphy images introduces 
several sources of uncertainty. One major factor is the variability in 
halogen illumination, which can fluctuate both spatially and temporally 
depending on the light source’s position and distance from the camera, 
affecting the consistency of image brightness. Additionally, optical ef
fects, such as diffraction, scattering, and refraction around cavitation 
bubbles, can distort the image, making the inner part of the bubble 
appear darker while the edges are lighter, which may be misinterpreted 
as liquid. The inaccuracies in the linear mapping of grayscale values to 
void fraction also contribute to the uncertainty since the relationship 
between image brightness and void fraction is not straightforward or 
perfectly linear. Furthermore, image processing techniques such as 
thresholding can introduce additional errors, especially when the 
contrast between bubble regions is subtle. Thus, while the method 
provides a useful trend and approximate values, the extracted void 
fraction should be interpreted with caution given these multiple sources 
of uncertainty.

Table 3 represents the uncertainties in experimental parameters 
which were obtained from manufacturers datasheets or by using the 
uncertainty propagation method [47].

3. Results

The experiments on three different HC reactors were conducted at 
upstream pressures ranging from 1.7 MPa to 4.1 MPa and at three 
different temperatures, namely, ambient temperature (23 ◦C), 33 ◦C, 
and 43 ◦C to identify pressure-driven cavitating flow patterns of DI 
water.

3.1. Characterization of HC reactors at room temperature

3.1.1. The evolution of cavitating flow patterns
Fig. 4 displays the inception and development of cavitating flows 

inside the microchannels of Reactor 1 with respect to the upstream 
pressure at room temperature, while Fig. 5 shows the extension region of 
Reactor 1. The results show that cavitation inception occurs in both 
microchannel and extension region at the upstream pressure of 2.4 MPa 
(σ = 4.41) for this reactor. It should be noted that cavitation incepts in 
microchannel number 1, which is located 1376 µm above the center of 
the reactor in the form of a sheet cavity, while no cavitation is observed 
in the other microchannels.

Furthermore, shear cavities, which form when the velocity of fluid 
layers differ due to high shear rates and create a velocity gradient fol
lowed by pressure drop [48,49], can be observed as parallel twin cav
ities and single cavity patterns at different locations of the extension. 
Single cavities are observed to emerge with frequencies of approxi
mately 1700 Hz (which was calculated according to incidence and 
timeframe of the high-speed camera). Furthermore, they appear 200 µm 
away from the tip located between the outlet of microchannels 1 and 2 
as well as microchannels 2 and 3 at the extension region. Twin cavities 
form in the extension regions between outlets of channels 3 to 8, while 
there is an absence of cavitating flow between outlets of channels 8 and 
9. To further quantify the shedding dynamics, we used Strouhal number 
which is defined as: 

St =
fL
V

(6) 

where f is the vortex shedding frequency, L is a characteristic length of 
the device, and V is the flow velocity. This dimensionless parameter 
normalizes the shedding frequency relative to the system’s scale and 
operating conditions, allowing for a consistent comparison of vortex 
shedding behavior for different devices and Reynolds numbers. As 
illustrated in Fig. 3, the St–Reynolds number trends for the three 
microfluidic devices are quite similar, with only minor variations 
attributable to geometric differences.

It should be noted that the frequency measurements—and conse
quently the calculated Strouhal numbers—are approximate. The high- 
speed imaging was performed with a 200 μs time interval, and the 
rapid shedding events occur over only 2–5 frames, which introduces 
some uncertainty in the absolute values.

Upon an increase in the pressure to 3 MPa (σ = 4.15), cavitation 

Table 3 
Uncertainties in major parameters.

Uncertainty Error (%)

Cavitation Number ±9.1
Reynolds Number ±6.69
Weber Number ±9.24
Flow rate ±1.7
Penetration Length ±7.93 Fig. 3. Strouhal number of devices in different Reynolds numbers.
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inception is observed in microchannels 2 and 9, with a similar pattern to 
microchannel 1 at the upstream pressure of 2.4 MPa (σ = 4.41). 
Furthermore, the pattern within microchannel 1 continues to shift to 
developing continuous thin form of cavities with re-entrant jet which 
form along the walls and are called sheet cavities. Re-entrant jet and 
vortex structure are believed to have a critical effect on breaking off 
cavities and formation of cloud cavities [50–52]. Sheet cavities void 
ratios can reach up to 50 % under certain conditions [53]. It is important 
to note that there is a certain degree of similarity in terms of flow pat
terns and penetration length between microchannels 1 and 9, which 
implies that the velocity profiles within these two locations should be 
similar.

The cavitating flow development can also be observed regarding the 
patterns at the extension region for the upstream pressure of 3 MPa (σ =
4.15) at which twin cavities get closer to the channel outlet wall 
compared to 2.4 MPa (σ = 4.41) (Fig. 5). Furthermore, single and twin 
cavities with frequencies similar to the pressure of 2.4 MPa (σ = 4.41) 
emerge between the outlet regions of microchannels 1 and 2 as well as of 
microchannels 8 and 9 at this upstream pressure. This suggests that the 
velocity at this region is sufficiently increased enough to lead to larger 
pressure drops and thus to favorable conditions for the formation of 
cavitation bubbles [54,55].

The intensity of the cavitating flow significantly increases at the 
pressure of 3.4 MPa (σ = 3.86), despite the relatively small increase in 
the pressure (from 3 MPa (σ = 4.15)). An increase in the pressure to 3.4 
MPa (σ = 3.86) results in sheet cavities in other microchannels as shown 
in Fig. 4. Inception can be also seen in microchannel 8 at this pressure, 
and a recirculation area located near the lower surface of the developed 
cavity is evident inside microchannel 1. The recirculation area retains 
the stability of the sheet cavities by enabling the retention of vapor 
bubbles in the region for prolonged durations, thereby enhancing the 
size and thickness of the sheet [56,57].

Meanwhile, twin cavities continue to develop in the rest of the 
microchannel outlets in the extension region. The formation of these 
twin cavities starts shortly after the flow exits the microchannels, as 

depicted in Fig. 5. Upon an increase in the upstream pressure to 4.1 MPa 
(σ = 3.42), fully developed cavitation is achieved in microchannel 1 
which extends to the outlet of this channel.

3.1.2. Effect of geometry on cavitating flows
The number of microchannels and their cross-section area were 

determined to ensure equal flow rates ranging from 2.63 mm3/s for all 
reactors at upstream pressure from 1.7 MPa (σ = 4.44) to 4.65 mm3/s at 
upstream pressure of 4.1 MPa (σ = 3.42) to maintain the same mean 
velocity conditions for all reactors. The results show that, under iden
tical conditions, inception occurs earlier in larger microchannels which 
agree with the findings in the literature [26].

As can be seen in Fig. 6, cavitation incepts at 2.4 MPa (σ = 4.41) in 
the first microchannel of Reactor 1. Meanwhile, inception is detected 
inside the first microchannel of Reactor 2 at 3.4 MPa (σ = 3.86) with a 
penetration length of less than half of that for Reactor 1 at 2.4 MPa (σ =
4.41). For Reactor 3, cavitation is not visible in any channel at all the 
upstream pressures due to the very small nature of channels and shadow 
effects.

As can be observed in Fig. 4, cavitation inception and development 
happen in microchannels 1 and 9 at different upstream pressures, and 
eventually fully developed cavitation is reached in microchannel 1 in 
Reactor 1. Inception can be observed in microchannel 1 of Reactor 2 at 
the upstream pressure of 3.4 MPa (σ = 3.86). While development in 
microchannel 1 is not significant upon an increase in the pressure to 4.1 
MPa (σ = 3.42), inception is observed in microchannels 2 and 3 at the 
upstream pressure of 4.1 MPa (σ = 3.86) (Fig. 6.c).

Fig. 7 shows the inception and developed cavities in the extension 
region of Reactor 2. Inception in the extension region occurs at the outlet 
of certain microchannels at the upstream pressure of 2.6 MPa with a 
maximum penetration length of 409 µm, which is shorter compared to 
the maximum value of 548 µm for Reactor 1 at 2.4 MPa (σ = 4.41), 
which reveals a delay in inception for Reactor 2. At the highest upstream 
pressure of 4.5 MPa, the maximum penetration length of developed 
cavities, which appear at the outlet of central microchannels, becomes 

Fig. 4. Cavitating flow patterns inside microchannels for Reactor 1 at the temperature of 23 ◦C and different upstream pressures.
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1097 µm for Reactor 2 which is less compared to 1200 µm for Reactor 1 
at the upstream pressure of 4.1 MPa (σ = 3.42). This implies that by 
reducing the microchannels width from 172 µm to 75 µm while keeping 
the depth constant and decreasing the size of roughness elements from 
8.9 µm to 6.6 µm, cavitation inception and development could be 
delayed.

By further reducing the size of the microchannel width from 75 µm to 
40 µm at the same depth and decreasing the roughness element to 4.8 
µm, developed cavities in the extension region at the upstream pressure 
of 3.4 MPa (σ = 3.86) become more intense with a maximum penetra
tion length of 1279 µm for Reactor 3 (Fig. 8(a)) while the corresponding 
maximum length for Reactor 1 at the same pressure is 793 µm. The 
penetration length for Reactor 3 at upstream pressure of 3.4 MPa (σ =
3.86) which is 1279 µm is longer compared to Reactors 1 and 2 even at 
the upstream pressure of 4.1 MPa (σ = 3.42) with penetration lengths of 
1200 µm and 1097 µm, respectively. Fig. 9 shows the penetration length 
at the extension for each Reactor at different distances from upper wall 
for the upstream pressure of 4.1 MPa (σ = 3.42).

3.2. Effect of the temperature of the working fluid on the cavitating flow 
development

In Figs. 10–12, high-speed images are displayed for different fluid 
temperatures in Reactor 1 under identical conditions, namely, approx
imately the same velocity and cavitation number. Cavitating flows in 
other reactors follow similar patterns. Fig. 10 displays flow patterns for 
microchannel 1 of Reactor 1. As previously mentioned, inception occurs 
at 2.4 MPa (σ = 4.41) (see Fig. 4) at room temperature. At the same 
pressure, a developing cavitating flow pattern can be observed for water 
at the temperature of 33 ◦C while inception occurs at the pressure of 
between 1.7 MPa (σ = 4.34) and 2.4 MPa (σ = 4.32) (Fig. 10.e). 
Inception also happens for water at 33 ◦C in an upstream pressure of 2.4 
MPa (σ = 4.32) in microchannels number 2, 8, and 9, where cavitation 
cannot be seen at ambient temperature and at the upstream pressure of 
2.4 MPa (σ = 4.41). While developing cavitating flow occurs at upstream 
pressure of 3 MPa (σ = 4.15) for water at room temperature, it can be 
observed that developing cavitating flow pattern at a lower pressure of 
2.4 MPa (σ = 4.32) and at temperature of 33 ◦C is more intense than that 
of 23 ◦C at 3 MPa (σ = 4.15) (Fig. 10.c and e).

As the fluid temperature is increased by further 10 ◦C, cavitation 

Fig. 5. Cavitating flow patterns at extension of Reactor 1 at the temperature of 23 ◦C and different upstream pressures.

Fig. 6. Cavitation penetration in the microchannels of (a) Reactor 1 at 2.4 MPa (σ = 4.41). (b) Reactor 2 at 3.4 MPa (σ = 3.86) and (c) Reactor 3 at 4.1 MPa (σ 
= 3.42).
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inception happens earlier. While there is no cavitation at pressure of 1.7 
MPa at temperatures of 23 ◦C (σ = 4.44) and 33 ◦C (σ = 4.34), inception 
becomes visible for water at temperature of 43 ◦C at this upstream 
pressure (σ = 4.22) (Fig. 10.g). Meanwhile, no cavitation inception is 
observed for other microchannels at this pressure. Developed flow, 
which occurs for the water with the temperature of 23 ◦C at an upstream 
pressure of 3.4 MPa (σ = 3.86), can be observed with more intensity at 3 
MPa for water at 33 ◦C (σ = 4.07) (Fig. 10.f). As the temperature is 
further raised to 43 ◦C, a similar pattern with more intensity can be seen 
at 2.4 MPa (σ = 4.15) (Fig. 10.h).

The fully developed flow for microchannel 1 at different tempera
tures (Fig. 11) shows that upon an increase in the temperature from 23 
◦C to 33 ◦C, the upstream pressure corresponding to a similar fully 
developed flow decreases substantially by 17.1 %, and the correspond
ing cavitation number increases by 9.6 %. This trend also exists when 
the temperature increases from 33 ◦C to 43 ◦C where an 11.8 % decrease 
in the upstream pressure, and a 6.06 % increase in the corresponding 
cavitation number is obtained to reach almost fully developed 
cavitation.

Similar to microchannels, inception happens earlier in the extension 
region at 33 ◦C compared to the ambient temperature in Reactor 1. 
Fig. 12.a displays more intense incipient cavitation in the region be
tween outlets of microchannels 1 and 2 as twin cavity for water at the 
temperature of 33 ◦C and upstream pressure of 2.4 MPa (σ = 4.32) 
compared to water at 23 ◦C and the same upstream pressure (σ = 4.41) 
(shown in Fig. 5). Also, cavitating flow initiates in a region closer to the 
outlet compared to water at temperature of 23 ◦C. Similarly, the pene
tration length of developing twin cavities in middle regions of extension 
is longer compared to incipient cavitation for water at 23 ◦C (Figs. 12.a 
and 5). Upon an increase in the pressure for water at 33 ◦C to 3 MPa (σ =
4.07), developing cavities can be observed for all the regions between 
outlets with increasing length. Also, at this pressure, coalescence be
tween twin cavities happens. Furthermore, cavitating flows tend to 
attach to the wall between the outlets of microchannels which suggest 
that shear cavities start to form intensely just at the exit of the 

microchannels (Fig. 12.b). Upon an increase in the pressure to 3.4 MPa 
at 33 ◦C (σ = 3.79), fully developed cavities become visible in the 
extension zone (Fig. 12.c).

A further increase in the temperature to 43 ◦C results in earlier 
cavitation inception in the extension region which happens at a 
decreased pressure of 1.7 MPa (σ = 4.22). Inception is observed in the 
region between outlets of microchannels 3 and 4 as well as of micro
channels 4 and 5. Cavitation inception is not present at this pressure for 
water with temperatures of 23 ◦C and 33 ◦C. Developing cavities in the 
extension region are more intense for water at 43 ◦C and at the upstream 
pressure of 2.4 MPa (σ = 4.15) compared to water at 33 ◦C and at the 
same upstream pressure (σ = 4.32). Similarly, these cavities are 
observed to be closer to the outlet of microchannels (Fig. 12.a and e). 
Fully developed cavitating flow and coalescence can be seen at the 
pressure of 3 MPa for water at the temperature of 43 ◦C (σ = 4.02) where 
a similar pattern is observed at the upstream pressure of 3.4 MPa for 
water at the temperature of 33 ◦C and at the upstream pressure of 4.1 
MPa for water at the temperature of 23 ◦C (σ = 3.42).

The cavity region depends on the intensity, which can be quantified 
by the cavity length, thickness, or area in 2D imaging. In this study, the 
cavity penetration length could be determined in the microchannels and 
extension region via imaging. Fig. 13 compares the penetration length in 
the extension region for Reactors at different pressures and water tem
peratures while Fig. 14 compares the average penetration length in all 
devices and temperature for the same cavitation numbers. It is evident 
that the effect of temperature becomes more dominant as the upstream 
pressure increases or as the cavitation number decreases. Additionally, 
there is no significant difference when comparing devices and temper
ature conditions, regardless of whether the comparison is based on 
consistent upstream pressures with varying cavitation numbers or 
consistent cavitation numbers with varying pressures for the three 
different temperatures.

Fig. 7. (a) Cavitation inception at 2.4 MPa (σ = 4.41) and (b) developed cavities at the upstream pressure of 4.1 (σ = 3.42) for Reactor 2.
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4. Discussion

4.1. Cavitating flow patterns in multiple parallel microchannels

One of the cavitating flow patterns observed within the micro
channel section is known as sheet cavitation, as depicted in Fig. 4. This 
specific cavitation pattern becomes visible initially at the edges of 
microchannels and manifests itself when there is a sudden change in the 
cross-sectional geometry. Under these circumstances, a recirculation 
zone generated by a viscous film which is called re-entrant jet emerges 
between the cavitating flow and solid body. This phenomenon occurs 
due to the interaction between the cavitating flow and solid structure. 
These conditions cause the formation of a region where the fluid cir
culates back on itself, creating a distinct recirculation zone at the 
interface between the cavitating flow and solid structure [51,53]

The earlier arrival of inception inside microchannels closer to the 
reactor walls suggests the presence of a larger vertical pressure gradient 
just before the microchannel entry. In addition, the existence of a vapor 
cloud that includes a recirculation area negatively influences the ve
locity gradient within these channels, leading to decreased velocities 

near their exit. The presence of higher velocities at the exit of micro
channels located near the centerline, as indicated by earlier cavitation 
inception and development in the extension region of those micro
channels (Fig. 5), confirms a subsequent higher reduction in the static 
pressure. The early onset of cavitation in the microchannels which 
happens at a lower upstream pressure and at a notably higher cavitation 
number is influenced by the specific geometry of the system which fa
cilitates secondary currents where pressure gradients in curved 
streamlines push the bulk flow with lower velocities towards the center 
of the curvature and alter the flow velocity distribution, which in turn 
accelerates cavitation inception [58,59].

As the fully developed cavitating flow progresses downstream, it 
transforms into an oscillating cavitating flow known as shear cavitation, 
exhibiting dynamic fluctuations along its length (Fig. 8.c). At higher 
pressures, shear cavity at the outlet of microchannel 1 and the last 
microchannel is observed to transition to cloud cavity with shedding 
mechanism in all Reactors. This phenomenon can be clearly observed 
around the sidewall of the extension area in Fig. 5 and much more 
clearly for the lower sidewall of Reactor 3 (Fig. 8). The transition to 
cloud cavity is primarily governed by interactions within the fluid flow, 

Fig. 8. Cavitating flow patterns at the upstream pressures of (a) 3.4 MPa (σ = 3.86) and (b) 4.1 MPa (σ = 3.42) of Reactor 3 and (c) cloud cavity behavior with time 
intervals of 200 µs.
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such as the growth of the shear cavity and motion of re-entrant jet. This 
jet moves backwards towards the origin of the cavity, and when it rea
ches a specific point, the transition occurs (Fig. 8). This phenomenon is 
characterized by the cavity length and penetration length of the re- 
entrant jet ratio, leading to the shedding of cavities [60,61].

4.2. Temperature role in microscale cavitating flow development

By maintaining a constant cavitation number during all the experi
ments, pressure differences could be obtained, allowing for the focus on 
temperature effects. As the temperature varies, it is crucial to assess both 

thermal and viscous effects. Specifically, as the temperature rises, the 
viscosity typically decreases, leading to an increase in the Reynolds 
number. Various models and parameters have been proposed to quantify 
these thermal effects on cavitation, demonstrating the complexity and 
importance of accurate assessment. The introduction of the thermody
namic parameter Σ (Equation 7) by Brennen [31] and its 
non-dimensional version Σ* (Equation 8) [62] are helpful in under
standing how thermal effects influence cavitation. These parameters are 
critical for specifying the conditions under which vaporization and 
subsequent cavitation occur in various liquid environments. According 
to the Rayleigh-Plesset equation for the dynamics of a single spherical 

Fig. 9. Penetration length of twin cavities at different upstream pressures.

Fig. 10. Cavitation inception and development for microchannel 1 of Reactor 1 under different flow conditions (different fluid temperatures and pressures).

Fig. 11. Inlet pressures to reach fully developed cavitation for microchannel 1 of Reactor 1 at different fluid temperatures.

S. Tebyani et al.                                                                                                                                                                                                                                 International Journal of Thermoϩuids 27 (2025) 101185 

10 



bubble, which takes the energy balance equation and heat diffusion 
equation into account, the thermodynamic parameter is critical for 
calculating the temperature change as the bubble diameter varies. This 
parameter is essential for determining the behavior of bubble dynamics 
[31]. Simulations using various advanced turbulent models have shown 
that both inertial and thermal effects contribute to the bubble growth in 
cavitation, particularly under cryogenic conditions where thermal ef
fects are pronounced due to the substantial differences in vapor and 
liquid densities and latent heat of vaporization [63,64].

The thermodynamic parameter Σ and of its non-dimensional version 
Σ*are expressed as: 

Σ =
ρv

2L2

ρl
2cplT∞

̅̅̅̅αl
√ (7) 

Σ∗ =
Σ.

̅̅̅̅̅̅̅
Hth

√

̅̅̅̅̅̅̅̅̅
Uth

3
√ (8) 

where ρl represents the density of the liquid, αl is the thermal diffusivity 
of the liquid, cpl refers to the specific heat of water at constant pressure, 
ρv is the vapor density, L stands for the latent heat of vaporization, and 
T∞ is the temperature of the liquid. Hth is the height of the channel, and 
Uth is the average flow velocity through the channel [65,66]. demon
strated that two thermally dominated flows could be considered as 
dynamically similar when Σ* is consistent for both cases. Typically, 
upon an increase in the fluid temperature, the thermodynamic param
eter increases significantly due to a notable variation in ρv. To maintain 
the same cavity size, a higher vapor density implies decreased vapor
ization. As for the case of our study, upon an increase in the temperature 

from 23 ◦C to 33 ◦C, ρv increases from 0.0205 kg/m3 to 0.034 kg/m3 and 
reaches 0.0535 kg/m3 at 43 ◦C while no significant changes are present 
for other properties (Table 4). This suggests that for a thermally domi
nated flow, an increase in the upstream pressure is required to maintain 
the same flow regime since the thermal effect could significantly act 
against cavitation.

Another mechanism that affects the cavitation bubble behavior at 
elevated temperatures is the viscous effect which predominates as the 
size decreases to microscale. As the viscosity decreases at elevated 
temperatures, Reynolds number increases [67,68] which is followed by 
an increase in the cavitation intensity. A model has been developed by 
Pelz et al. [60] to investigate the effect of Reynolds number on the ve
locity boundary layer of re-entrant jet and shedding. It was shown that 
for a constant cavitation number, the transition from sheet cavity to 
cloud cavity was evident upon an increase in Reynolds number. The 
results indicated that transition happened at lower Reynolds numbers 
for low cavitation numbers. According to the existing literature, there is 
a notable trade-off involving scale, working fluid, and temperature when 
assessing the thermal effects and viscous effects on cavitation, particu
larly as the temperature of the working fluid is altered. For instance, 
Franc et al. [62] on a four-bladed inducer who used the working fluid 
refrigerant R114 reported that at a similar cavitation number the cavi
tation length decreased significantly with the temperature which em
phasizes the dominance of thermal effects over viscous effects.

The cavitation number for the cases of 3 MPa at 23 ◦C and 2.4 MPa at 
43 ◦C are equal where the thermodynamic parameter significantly in
creases from 3 to 21, and Reynolds number increases from 3603 to 4865 
in Reactor 1 which implies that inertial effects dominate over viscous 

Fig. 12. Inception and development of cavitation under different flow conditions in the extension region of Reactor 1.
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Fig. 13. Penetration length of cavitating flow at extension region of (a) Reactor 1 (b) Reactor 2, and (c) Reactor 3 under different flow conditions.
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damping. The penetration length of cavitating flows for the 2nd case is 
longer, and the corresponding flow pattern is different. The surface 
tension decreases and influences rupture effects and subsequently the 
size of the bubbles and their lifespan. Lower viscosity also leads to an 
increase in cavitation activity because of weakening of molecular con
nections/bonds [69]. The experiments by Ge et al. [70] revealed that for 
water, the cavitation length increased with the temperature for 

temperature ranges similar to our work of study.
Surface tension, which decreases as the temperature rises, also af

fects the behavior of cavitating flow since it strongly influences rupture 
effects in fluid flow and thus the lifetime of bubbles as well as their size 
[15,71]. He et al [72] proposed a model which stated that a reduction in 
the surface tension resulted in bubbles with larger radius and delayed 
maximum temperature and maximum pressure.

Fig. 15 shows Reynolds and Weber numbers for different cavitation 
numbers for Reactor 1 while Fig. 16 displays the mean void fraction and 
thermodynamic parameter with respect to the upstream pressure. It is 
evident that upon an increase in the temperature a slight decrease in 
cavitation number occurs. At low cavitation numbers, an increase in the 
temperature has a significant impact on Reynolds number due to its 
impact on thermophysical properties such as the viscosity. Furthermore, 
a slight increase in Weber number could help in intensifying cavitation. 

Fig. 14. Comparison of average penetration length in the extension region for reactors at different temperatures and constant cavitation numbers.

Table 4 
Water properties for the different temperature conditions.

(K) ρv
(
Kg/m3) ρl

(
Kg/m3) cplJ/Kg.K αl

(
m2/s

)
L(KJ/Kg)

296.15 0.0205 997.54 4180 0.000000143 2442
306.15 0.0205 997.54 4180 0.000000143 2442
316.15 0.0205 997.54 4180 0.000000143 2442

Fig. 15. Re and Weber numbers as a function of Cavitation number. (a) Rector 1 (b) Reactor 2 (c) Reactor 3.
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At the microscale, the effect of surface tension becomes dominant which 
is the reason for an increase in cavitation intensity due to the decrease in 
surface tension upon an increase in fluid temperature. When comparing 
the cavitation penetration length increase in our study with the study 
conducted by [70] on the macroscale, it is evident that the increase in 
the cavitation length at the microscale is more for the same temperature 
increase. Upon an increase in the temperature from 23 ◦C to 33 ◦C 
cavitation, the length doubles for microchannel 1 at a cavitation number 
of 4.15 while there is a 70 % increase in the average penetration length 
in the extension region. At the same time, the increase in the cavitation 
penetration length for the venturi section at the macroscale was less than 
25 % for all cavitation numbers ranging from 1.31 to 1.49 [70]. Even 
though an increase in the temperature to 33 ◦C and 43 ◦C raises the 
thermodynamic parameter which leads to delayed generation of bub
bles, it is evident that viscous and surface tension effects are dominant 
over thermal effects in this temperature scale. Other studies in the 
literature investigating macroscale thermal effects reported that thermal 
phenomena dominate over viscous effects at an optimal temperature, 
with this dominance decreasing at temperatures both below and above 
this value [73].

5. Conclusion

In this study, the effects of the fluid temperature on cavitating flow 
regimes and intensity were investigated in three different microfluidic 
devices (Reactors) with parallel microchannels and roughness elements. 
Deionized water was used as the working fluid. Different flow patterns 
such as sheet cavity, shear cavity, twin cavity and cloud cavity were 
observed in Reactors with varying microchannel configurations. This 
study provides foundational knowledge for the design and optimization 
of HC reactors that offer a suitable platform for the use of various ap
plications such as drug delivery, nanomaterial synthesis, and energy 
harvesting. The major conclusions from this study can be summarized 
as: 

• The thermal and viscous effects can be regarded as the main pa
rameters affecting the intensity of cavitation. An increase in the fluid 
temperature can lead to a rise in cavitation intensity or void fraction.

• The impact of the temperature increase is more pronounced at the 
microscale. An increase up to 70 % in mean cavity length at exten
sion could be observed upon a change of 10o C in the fluid temper
ature, which is more significant compared to macroscale results in 
the literature.

• The change in cavitation intensity is significantly larger for the 
temperature increase from 23 ◦C to 33 ◦C than from 33 ◦C to 43 ◦C 
which is attributed to larger viscous effects for the first case.

By manipulating the fluid temperature, emerging applications such 
as drug delivery systems, and nanomaterial synthesis could be realized 
[74,75]. Therefore, this study lays the groundwork for future research, 
which will aim at exploring the integration of HC reactors into complex 

systems, investigating other fluids to reveal the effect of fluid properties 
on cavitation dynamics, developing advanced numerical models, and 
further miniaturizing the device geometry to explore quantum effects in 
cavitation.
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