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ARTICLE INFO ABSTRACT

Keywords: In tribonucleation, a liquid-to-gas phase transition induced by a local pressure drop (cavitation) is highly
Cavitation undesirable, as it causes surface erosion and noise. A paradigmatic flow characteristic of tribonucleation
Vortices problems is the flow between two coaxial disks. The flow is produced by the rapid upward movement of
PIV

the top disk, which is initially at rest and in contact with the bottom disk. An analytical model, the so-
called negative squeeze film, is typically used to predict the flow in the gap between the disks in this class
of problems. Such a model considers an azimuthally uniform inflow in the gap between the disks. In this
study, we experimentally show that if a negligibly small misalignment between the axes of the two disks is
introduced, the inflow is not azimuthally uniform as expected from the negative squeeze film, but an entry jet
appears in the flow between the disks. This entry jet is associated with the formation of two counter-rotating
vortices. From reconstructing the pressure field from PIV velocity data in the vortex regions, we find that
the local pressure is lower than the vapor pressure. This indicates that the gaseous phase in the cores of the
vortices, which is observed from shadowgraphy visualizations in our study, should be attributed to cavitation.
The negative-squeeze-film model, however, largely fails to predict the minimum pressure. Therefore, the onset
of cavitation is not correctly captured by the analytical model.

Pressure reconstruction

1. Introduction opposed surfaces are separated by a thin film of liquid. Examples
are seat valves, gears, dampers, and bearings, among many other

Cavitation is a multiphase phenomenon that occurs when the lo- mechanical components (Resch and Scheidl, 2014; Ertas and Delgado,
cal pressure of a liquid decreases below a critical pressure, typically 2018; Yoshizumi et al., 2018). Here, opposing surfaces resist separation

deemed as the vapor pressure (Franc and Michel, 2005). The local
pressure drop, often induced by high flow velocities or accelerations,
leads to a phase change, and, consequently, to the formation of vapor
bubbles, which can evolve into stable cavities. When collapsing, these
pockets of vapor emit noise, and can cause erosion and vibrations to
nearby surfaces. Examples of harmful effects of cavitation encompass
a wide range of disciplines (Braun and Hannon, 2010), from maritime
technology, with propeller cavitation (Melissaris et al., 2020; Ghasem- fan, 1875; Scheidl and Gradl, 2016). Sobhi et al. (2023) demonstrate

until a critical point, where they then rapidly separate, creating gas
cavities. This phenomenon is known as stiction, from a combination of
“static” and “friction” for historical reasons, although the problem is
apparently highly dynamic (Roemer et al., 2015; Wang et al., 2020).
Several investigations have focused on the modeling of the stiction
force in the presence of cavitation, the so-called Stefan problem (Ste-

nezhad and Roohi, 2024), to medical sciences, with increasing evidence how non-Newtonian fluid behavior and permeability influence pressure
that cavitation inside the brain is associated to traumatic brain injury distribution, flow characteristics, and formation of cavitation regions
during sudden impacts (Kurosawa et al., 2009; Adhikari et al., 2016); between porous disks. The flow in a transient squeeze film was studied
from biology, with the snapping shrimp stunning or killing its prays by Lang et al. (2019), who proposed an experimental approach to
through cavitating bubbles (Versluis et al., 2000), to energy conversion, examine a fast-developing flow in a thin fluid gap. However, the
with cavitating blades in turbomachineries (Arndt, 1981). precise knowledge of the flow development in the thin film between

An archetypal flow where cavitation is observed to occur is the
flow resulting from the rapid diverging movement of two solid sur-
faces that are initially in contact. In the gap between such separating
surfaces, cavitation bubbles can appear, which can develop into stable
vaporous cavities. This flow is found in tribology, where two closely

the surfaces remains elusive, particularly in relation to cavitation onset
and development.

Another example of divergent surfaces producing cavitation can be
found in human joints, leading to the common joint cracking sound.
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The most studied joint cracking is that of the metacarpophalangeal
joint, resulting in what is commonly referred to as the cracking of
knuckles. Different theories have been postulated to try to explain
the knuckle cracking sound (Kawchuk et al., 2015). Some attributed
it to the collapse of the cavitating bubbles formed in the articula-
tion, while others identified cavitation inception as the mechanism
leading to cracking noise, consistent with tribonucleation (Chen and
Israelachvili, 1991). However, tribonucleation does not explain the
magnitude of the sound of knuckle cracking, which is much larger
than that measured from other experiments of tribonucleation. The
recent study by Chandran Suja and Barakat (2018) provides further
support for bubble cavitation as the main mechanism explaining joint
cracking. In their model, tribonucleation remains, however, essential
in initiating joint cavitation by producing the cavitation bubbles that
later collapse. Consistently, evidence shows that with an initial (at rest)
spacing greater than 1.4 mm the joint cannot be cracked (Unsworth
et al., 1971). The structure of the multi-phase flow inside the synovial
joint when the knuckles are cracked is unknown, though. Specifically,
the mechanism leading to the onset of stable cavities remains unclear.
Moreover, the flow topology of the thin film that is characteristic of
tribonucleation is rather unexplored to date. This problem can be ap-
proached by investigating the archetypal flow obtained from solid disks
that after being initially in contact undergo a rapid mutual separation.

While the macroscopic flow structure of tribonucleation has been
investigated scarcely, comparatively more interest has been devoted
to the instabilities of viscous liquids confined between two plates of
variable geometries under traction, determining the so-called ’lifted
Hele-Shaw cell’ (Hele-Shaw, 1898). Here, the edge of a sample drop
destabilizes from its initial, regular shape through the Saffman-Taylor
mechanism (Saffman and Taylor, 1958). Air fingers protrude towards
the center of the sample, generating the characteristic fingering pat-
tern. Poivet et al. (2003) experimentally found a relationship between
the stiction force and the onset of cavitation bubbles inside the viscous
drop, which was observed to manifest for traction velocities greater
than 15 pm s~!. The formation and collapse of individual cavitation
bubbles confined in thin films of the order of nanometers have also
been observed in recent experiments, such as in Moffatt et al. (2021)
and Combriat et al. (2024). In the latter study, the area of the bub-
bles presented an inverse scaling with respect to their lifetime. The
curvature radius of the top diverging surface was also found to play
an important role in the size of the bubbles that are generated. Geike
(2020) provides a literature review of cavitating bubble dynamics
modeling for negative squeeze motion, emphasizing the coupling of
the Reynolds and Rayleigh—Plesset equations to resolve tensile stresses
and transient effects during the separation of lubricated circular plates.
These studies focus on microfluidic phenomena, where the flow is
dominated by viscosity, and for which the process of formation of
the observed cavitation bubbles is well understood and described. It
remains, however, unclear what the flow behavior would be for in-
creasing separation heights between the plates, when the phenomenon
becomes dominated by inertia.

This work aims at characterizing the flow structure in the thin film
between two coaxial circular plates, which, initially in contact, undergo
a rapid divergent movement. In the experimental setup, the plates
are negligibly misaligned, mimicking thus the operating conditions in
real tribonucleation problems. For the largest values of velocities and
accelerations, stable cavities are observed to form. The results of the
experimental analysis are compared with the analytical model, the
so-called negative squeeze film.

This paper is structured as follows. The experimental setup is de-
scribed in Section 2.1. Section 2.2 introduces the correlation averaging
method, which enhances the spatial resolution of the velocity vector
field and accuracy. In Section 2.3, the methodology to reconstruct the
pressure field from particle image velocimetry (PIV) is illustrated. In the
same section, the simplifications applied to the Navier-Stokes equation
to perform such a reconstruction are detailed. An analytical solution
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Table 1

Characterization of the four cases under study with respect to the maximum
acceleration (a,,,) and maximum velocity of the diverging disk (v,,,), time
to reach maximum acceleration (¢,) and maximum velocity (¢,), gap height
between the disks when the diverging disk reaches the maximum acceleration
(h,) and maximum velocity (h,), and time between the disks when the
diverging disk reaches its final position (z,).

Aoy Upnax t, t, h, h, t,

(m s72) (m s™) (ms) (ms) (mm) (mm) (ms)
Case 1 30 1.1 94 114 11.2 31.9 140.2
Case 2 60 1.6 56 71 11.7 31.3 85.2
Case 3 78 1.8 47 60 11.7 32 72.1
Case 4 96 2 39 50 11.7 30.3 62

for flow behavior in the ideal case of having perfectly parallel disks,
referred to as the negative squeeze film, is reported and illustrated
in Section 2.4. The section on the results (Section 3) begins with a
characterization of the four studied cases based on cavitation strength
and the velocity of the diverging disk, using shadowgraphy images, in
Section 3.1. An explanation for the non-uniform azimuthal flow and the
formation of the two counter-rotating vortices is given in Sections 3.2
and 3.3. In Section 3.4, velocity profiles are compared between experi-
ments with non-uniform inflow and theoretical predictions assuming
uniform inflow. A discussion on possible definitions of a cavitation
number for this problem is included in Section 3.5. In Section 3.6, the
influence of the vertical velocity on pressure reconstruction is assessed
in comparison with the horizontal component. Section 3.7 presents the
results related to velocity, vorticity and pressure for the four cases.
Finally, the conclusions are summarized in Section 4.

2. Materials and methods
2.1. Experimental setup

The experimental setup consists of two coaxial disks that are ini-
tially at rest, mutually at contact. Actuated by a pneumatic cylin-
der (Festo model DZH-32-50-PPV-A), the top disk moves vertically
along the common axis, reaching maximum accelerations larger than
90 m s~2. Four pressure values are set in the compressed-air system,
i.e., 2.0 bar, 3.5 bar, 4.5 bar, and 6.0 bar, which determine the four
cases under investigation in this work, referred to as Case 1, 2, 3 and
4, respectively. A thorough description of these four cases is reported
in Table 1.

The disks are placed in a 50 x 50 x 30 cm? tank filled with water.
The flow developing in the gap between the two disks, which results
from their rapid separation, is known as the negative squeeze film, and
it is particularly important in lubrication studies (Reynolds, 1886). As
mentioned in the Introduction, the disks are imperceptibly misaligned.
The rapid diverging movement in combination with a lack of perfect
parallelism of the top disk with respect to the bottom one determines
the formation of a non-uniform jet flow at the interface between the
disks, which produces two counter-rotating vortices. The circulation
around these vortices strengthens for increasing acceleration of the top
disk; see Table 1; the acceleration is determined by the pressure in
the compressed air system that drives the piston. These aspects are
analyzed and discussed in further detail later in the paper.

Two techniques of flow investigation are applied in this research to
investigate the flow phenomena, i.e. shadowgraphy and particle image
velocimetry (PIV). For the first technique, a LED panel is located behind
the tank, serving as the light source that passes through the transparent
disks and cavities until it reaches the sensor of one of the CMOS cam-
eras. As for the PIV, a second camera records the displacement of the
particle images. The water is seeded with fluorescent orange polyethy-
lene microspheres having a diameter between 75 pm and 90 pm, which
act as tracer particles. The tracer particles are fluorescent and absorb
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Fig. 1. Photo (A) and Schematic (B) of the experimental setup. a: disks; b: pneumatic actuator; c: high-speed camera for shadowgraphy; d: telecentric lens; e:

high-speed camera for PIV; f: mirror; g: laser sheet; h: LED panel; i: glass tank.

Table 2

The experimental conditions for the PIV measurements.
Seeding
Type Fluorescent orange

polyethylene microspheres

Diameter (pm) 75-90
Illumination
Source Nd:YLF
Sheet thickness (mm) 3.1
Energy (mJ) 30
Recording
Sensor type CMOS
Frame rate (Hz) 1146
Lens type 105 mm focal length
Image magnification 0.113
f-number 2.8
Field of view (mm?) 145 x 141
Resolution (px mm~') 10.28
Post-processing
Window size (px?) 8x8
Window overlapping 50%
Vector spacing (mm) 0.4

the green laser light, which is emitted as orange fluorescent light. A
dual-cavity laser creates a light sheet perpendicular to the axes of the
two disks. It is worth mentioning that a long-pass filter is positioned
in front of the camera lens, transmitting mainly the light scattered
by the fluorescent particles to the camera sensor, therefore increasing
the signal-to-noise ratio of the measurements. Detailed information on
the PIV measurements can be found in Table 2. A schematic of the
experimental setup is shown in Fig. 1.

Regarding the pre-processing of the PIV images, inhomogeneous
lighting introduces low-frequency noise, which can be eliminated using
a high-pass filter. This filter preserves the particle movements while
suppressing low-frequency background noise and unwanted reflections
like the ones generated by the cavities (Sciacchitano and Scarano,
2014). For this reason, a high-pass filter (Thielicke and Stamhuis, 2014)
is applied to the particle images, and a reduction in the percentage of
spurious vectors from 3.01% to 2.34% is obtained for an interrogation
window of 16 x 16 px.

The images are acquired using commercial software (Davis 10, LaVi-
sion GmbH). A code written in LabVIEW (National Instruments) enables
the automatic triggering of the image acquisition and the movement of
the top disk to occur in parallel. The displacement between the two
disks, and, consequently, the velocity and acceleration, are estimated
by imaging analysis of the shadowgraphy sequences on the vertical
plane. The appropriate time difference between the two frames for the
cases under analysis (see Table 1) is determined to be of 160 ps for
Case 1, 100 ps for Case 2, 80 ps for Case 3, and 80 ps for Case 4. When
shadowgraphy is used solely, the frame rate is 2289 Hz, which is the
maximum achievable frame rate for a field of view of 66 x 64 mm?2.
In the object plane, 1 mm corresponds to 10.28 pixels, for the PIV
recordings and 22.61 pixels for the shadowgraphy images, defining the
spatial scale of the images.

A telecentric lens is used for shadowgraphy recordings because
of its more precise measurement characteristics due to the constant
magnification and depth of field, which results in low image distortion
and field curvature (Konrath and Schroder, 2002; Erinin et al., 2023).
Appropriately adjusting the lens position with respect to the horizontal
axis is necessary to place the depth of focus exactly where the vortices
are expected to appear. In relation to the PIV setup, a 105 mm focal
length lens is used with 2.8 f-number and a 0.113 magnification. The
laser sheet is positioned parallel to the disks, approximately 3.6 mm
above the bottom disk. This has the aim of reconstructing the velocity
vector field at the beginning of the raising movement of the top disk,
when the flow acceleration is the largest.

2.2. Correlation averaging

Ten repetitions are conducted for each pressure value of the pneu-
matic cylinder, resulting in a total of forty acquisitions. We follow the
approach of Pennings et al. (2015) who used correlation averaging, or
sum of correlation, to enhance the spatial resolution of the velocity field
around a vortex. Correlation averaging and sum of correlation refer
to the same mathematical operation since correlation averaging is the
sum of the instantaneous correlation integrals divided by the number
of samples (Meinhart et al., 2000; Westerweel et al., 2004).

The advantages of using correlation averaging arise from the high
repeatability of the phenomenon. Therefore, this post-processing tech-
nique is applied to the time-resolved correlation maps. Simultaneously,
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Fig. 2. The parameters characterizing the negative squeeze film are the radius
r, of the disk, and the gap h between the fixed disk and the moving disk. The
moving disk is pulled upwards by a force F. For a small gap width » < r,
the radial velocity u, has a parabolic profile Eq. (2). At the inlet there is an
additional pressure drop 4p (Hori, 2006).

shadowgraphy images are acquired alongside the PIV recordings, allow-
ing for the selection of PIV image frames that correspond to the gap
height i between the two disks in each repetition, to be used in the
correlation averaging. This process is automated by a custom-developed
code.

With the defined curve of the gap height ~ between the two disks
as a function of the frame for each repetition, the frames associated
with the previously estimated gap height are selected, enabling the
correlation averaging to be performed.

Double-frame PIV is later carried out, and, from applying correla-
tion averaging as mentioned above, an interrogation window size of
8 x 8 px is obtained, leading to a vector spacing of approximately
0.4 mm for a 50% window overlapping.

2.3. Pressure estimation from PIV data

The pressure field p is reconstructed from PIV data in the region
where the vortices occur, by solving the Poisson equation for the
kinematic pressure P = p/p and incompressible flow (V - u = 0):

V2P =-V*+V-(uxwo), ¢))

where p is the fluid density, k = %(u2+vz+w2) the kinetic energy,
u = (u, v, w) the velocity, and w = V x u the vorticity. We assume two-
dimensional flow, i.e. u?>+v? > w? and & = (0,0, w,); this assumption is
validated in Section 3.6. The vortices are embedded in an irrotational
flow, and we select the boundary of the domain to be irrotational,
and use P = 12 +0?) as the boundary condition for P. It is worth
noting that disregarding the terms related to the z direction leads to an
overestimation of the pressure. When the vortex structure is stretched
due to the upward movement of the diverging disk, the cross-section of
the vortex shrinks. Consequently, the angular momentum conservation
dictates that the rotation rate must increase, resulting in a decrease in
pressure inside the vortex core.

2.4. The negative squeeze film

The negative squeeze film represents the theoretical prediction
of a uniform flow between perfectly parallel and coaxial disks. The
analytical model resulting from this prediction can be derived using
the Navier-Stokes and continuity equations in cylindrical coordinates,
with the appropriate simplifications. The complete derivation is given
by Hori (2006).

For a small gap width » < r, the radial velocity u, is given by a
parabolic profile in the z direction:

u, = 3;—3}’ (2% - hz), (2)
as shown in Fig. 2, with: 2 = dh/dt. The fluid velocity u, in the z
direction is given by:

u, = —% (22 - 3h2) . ©)
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Table 3
The experimental conditions for the shadowgraphy measure-
ments.
Illumination
Source LED panel
Recording
Sensor type CMOS
Frame rate without PIV (Hz) 2289
Frame rate with PIV (Hz) 1146
Lens type Telecentric
Lens image scale 0.274
Image
Field of view (mm?) 66 x 64
Resolution (px mm™') 22.61

The liquid pressure inside the gap, accounting for fluid viscosity, is

p= 3:—3h (r*=r2) - 4p, 4
where 4p ~ %prg(h /h)? is the pressure drop due to the converging flow
entering between the disks (Hori, 2006). The expression in Eq. (4) is
valid for a small gap width » <« d, and ignores inertial terms (Hori,
2006). The pressure given by Eq. (4) is used as a reference, although
the condition of small gap width is not strictly valid. Hence, the liquid
pressure inside the gap is directly proportional to the viscosity x and the
velocity of the moving disk 4, and inversely proportional to the cube
of the gap width, 4. Additionally, the pressure distribution in the radial
direction has a parabolic shape, with the smallest pressure occurring at
the centerline of the disks.

3. Results

In the previous sections, the theoretical background for modeling
the flow between perfectly parallel disks was presented. The experimen-
tal methodologies for characterizing the flow phenomena, including
shadowgraphy and particle image velocimetry, have been illustrated
too. Additionally, the technique used to reconstruct pressure fields from
the 2D velocity vector fields obtained from PIV have been detailed.

This section presents the results from experimental investigations
across the four cases analyzed, each identified by cavitation strength,
velocity, and acceleration of the moving disk. We explore the forma-
tion of an entry jet and the two counter-rotating vortices. Moreover,
we compare experimental non-uniform velocity data with theoretical
uniform velocity predictions. A discussion follows on the definition of a
possible cavitation number to describe this flow problem, accompanied
by an analysis of the influence of the vertical flow component relative
to radial velocity on pressure reconstruction. Flow characterization is
further expanded by examining velocity vector fields and out-of-plane
vorticity. We then discuss the sensitivity of pressure reconstruction to
PIV window size.

3.1. Characterization of investigated cases

Shadowgraphy images at different time instants are displayed in Fig.
3 for the four cases (for further information on the kinematic charac-
teristics of these cases, see Table 1). The shadowgraphy recording is
used to estimate the gap height » between the two separating disks,
the velocity i and the acceleration h of the moving disk with the aid
of image processing techniques. The diverging disk reaches its final
position when #,,,, = 50 mm. The time ¢ was defined using the frame
rate of the camera, which is 2289 Hz, see Table 3. The complete video
for Case 4 is provided in the Supplementary Content, along with the
time instants and graphs showing the velocity /# and the acceleration
h of the moving disk as a function of the gap height 4. Concerning
the occurrence of cavitation, no cavitating vortices form for Case 1; see
Fig. 3a to 3f. As for Case 2, shown in Fig. 3g to 31, only the left vortex
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Fig. 3. Shadowgraphy images at different time instants and corresponding to the four different cases detailed in Table 1. Each row shows different instants ¢,
gap heights & between the two separating disks, velocity 4 and acceleration h of the moving disk.

cavitates. Both vortices cavitate once the maximum acceleration a,,,,
is equal or higher than 78 m s~2, i.e. for Cases 3 and 4; see Table 1.
However, for the former, the right cavity collapses faster than the left
one, and the diameter of the cavities is relatively smaller compared to
the latter.

Bubbles having a diameter of approximately 0.17 mm can be ob-
served in the gap between the two disks, immediately after the top
disk detaches from the bottom one (see Fig. 3a). They possibly originate
from small crevices in the surface of the disks (Franc and Michel, 2005).
The observed bubbles exhibit a spiraling motion inside the two vortices
before being trapped inside their cores (Kelly et al., 2021); see Fig. 3g,
3m and 3s. The appearance of bubbles in this phase is a shared feature

between all cases. The size of the two vortex cavities increases when
the top disk reaches the maximum acceleration. For Case 3 and 4, the
bubbles trapped inside the left vortex gradually grow in size until they
form the observed cavity, whereas the bubbles trapped inside the right
vortex do not vary significantly in size, and the onset of the right cavity
occurs abruptly. From observation of the corresponding shadowgraphy
images, Case 1 does not exhibit any vortex cavities, but tiny bubbles
following a cylindrical path can be seen in each of the two vortex cores.

The vortex cavities can be either produced by the coalescence of
free non-condensable gases in the form of bubbles or be the result of
a cavitation process. Evidence that cavitation is the reason behind the
appearance of the vortex cavities is that they appear for an acceleration
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Fig. 4. Displacement h of the moving disk relative to the fixed disk as a
function of time is displayed in (a). The red circles represent data points
obtained from shadowgraphy recordings, while the black line represents the
exponential curve fitted to the data. Velocity i of the moving disk with
respect to the fixed disk as a function of time is presented in (b). This plot
is obtained by differentiating the exponential curve fitted to the data points
shown previously in (a). Acceleration h of the moving disk in relation to the
fixed disk as a function of time is exhibited in (c). This plot is obtained by
differentiating the exponential curve A(f) depicted in (b)

of the diverging disk of 60 m s~2, i.e. in Case 2, but they do not
appear for an acceleration of 30 m s~2, i.e. in Case 1. This is because
the circulation produced by the vortices in the latter case may not be
sufficiently large to induce a pressure drop in the cores of the vortices,
such to induce locally a pressure lower than the vapor pressure.

As mentioned previously, the gap height /4 between the two sepa-
rating disks is estimated using image processing techniques applied to
the shadowgraphy recordings. This is achieved by selecting a distinct
pattern on the moving disk and another on the fixed disk and then
employing cross-correlation to each image to determine the relative
displacement of these patterns. The gap height between the two disks
is then defined based on the relative positions of these patterns. Thus,
with the gap height 4 and the time derived from the frame rate of the
camera, it is possible to fit a function to the data points (Fig. 4a). The
graph shown in Fig. 4a is associated to Case 4. The same procedure is
applied to the other three cases. A suitable function for describing the
gap height h as a function of time appears to be:

t—cy 2
h = ¢ exp —( : > 5)
3

where ¢, ¢, and ¢; are fit constants. An initial gap height 4, = h (r = 0)
is required to avoid a diverging pressure p —» —oco in Eq. (4). We find
that hy = 0.06 pm — 7 pm; this value of 4 corresponds to the typical
surface roughness of the material of the disks.

The root mean-square errors (RMSE) of the fitting are in the order
of 10~* m. To estimate the velocity i and acceleration h, Eq. (5) is
differentiated once and twice, respectively, resulting in Egs. (6) and
(7) shown below.

2
h:—zcl(t_cz)exp _(I—c2> ©)
c§ C3

(4t = c)* - 263) %)
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Fig. 5. The velocity / and acceleration h of the moving disk for five different
gap heights h are represented in the above figure. The circles and letters
correspond to the instants shown in Fig. 3.

The velocity i and acceleration h can also be expressed as a function
of h, which facilitates the comparison between the four cases (Fig.
5). The circles and letters in Fig. 5 correspond to the shadowgraphy
images shown in Fig. 3. It is important to note that cavitation inception
coincides with the point of maximum acceleration of the top disk,
h, rather than with its maximum velocity, i, which when cavitation
inception occurs is half of its maximum value.

3.2. The formation of the two counter-rotating vortices

The flow developing in the thin film between the disks is inves-
tigated with planar PIV, where the measurement plane is at 3.6 mm
height from the bottom disk. Transparent plane disks are used in the
experimental setup to ensure optical access to the flow in the gap,
therefore enabling the use of PIV. The flow time evolution is presented
in Fig. 6. The gray circles depict the positions of the disks, while the
green and blue arrows indicate the instantaneous 2D velocity vector
field. The first frame, which is taken at approximately 74.1 ms after
the separation of the two disks (presented in Fig. 6b) shows that the
small angle between the two disks — occurring in a real-case scenario
— triggers the generation of a strong entry jet. This is tagged with a
red arrow. The order of magnitude of the angle is in tenths of degrees
and is estimated from the Shadowgraphy images. The formation of the
two counter-rotating vortices (Fig. 6g) occurs following the entry of the
non-uniform radial jet flow. The development of this non-uniform jet
flow is illustrated from Fig. 6¢ to 6f at time intervals of approximately
1.48 ms. Fig. 6a illustrates the estimated velocity vector field (radial
component u,) based on Eq. (2) for T =1¢, in Case 1.

Therefore, to summarize the analysis conducted up until here, in-
creasing the pressure inside the compressed air system leads to greater
values of the upward velocity and acceleration of the top disk. As a
consequence, increasingly stronger non-uniform jets form in the gap
between the disks, which is the underlying mechanism for two counter-
rotating vortices. This effect arises because the axes of the disks are not
perfectly aligned, but are positioned at an imperceptibly small angle.
Consequently, a circumferential inhomogeneity develops in the flow
entering the gap between the disks. In contrast, the negative squeeze
film theory models the flow behavior under conditions of uniformity,
assuming perfectly aligned disks.

3.3. An explanation for the entry jet
When the two disks are in contact, a vertical force equivalent to

or larger than the stiction force should be applied to the top disk to
separate it from the bottom one. We assume that the stiction force is
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Fig. 6. (a) Velocity vector field based on the negative squeeze film theory as defined by Eq. (2). (b) to (g) Formation of the two counter-rotating vortices due
to non-uniform flow in the radial direction (jet). The laser sheet is aligned parallel to the disks, and is located about 3.6 mm above the bottom disk. The case
displayed here to illustrate the generation of the vortices is a non-cavitating one (Case 1).

F and that a negligibly small misalignment « < 1 exists between the
disk and the axis of movement. Then, to separate the top disk from the
bottom disk a force should be applied along the axis of movement of
the top disk, such that its component orthogonal to the plane of the
two disks is equivalent to or larger than F. This force will also have a
component parallel to the disks of «F, as illustrated in Fig. 7a. While
to vertically displace the top disk the stiction force should be over-
come, a much smaller horizontal force would be sufficient to slide the
disk laterally. This difference arises primarily from hydrodynamic and
adhesive forces (Nagy, 2024) present in the thin water film between
the disks. As a result, the rise of the top disk is combined with its
horizontal movement, which determines an azimuthally non-uniform
radial pressure gradient, at the origin of the observed entry jet. Note in
Fig. 7 that the top disk moves upward, while it also slides horizontally.

3.4. Comparison between experimental non-uniform velocity and theoreti-
cal uniform velocity

The comparison of velocity profiles is performed between experi-
mental results, involving non-uniform circumferential inflow, and the-
oretical predictions, calculated under the hypothesis of uniform inflow.
This analysis allows for the evaluation of similarities and discrepancies
in the effects of the non-uniform flow in experimental conditions versus
uniform flow in idealized theoretical assumptions. For this purpose, the
solution from negative squeeze film theory is employed, which provides
an analytical solution for estimating the radial velocity of the flow
entering the gap, u,. This estimation is based on the velocity of the
moving disk, the gap height between the disks, and the measurement
position z, see Eq. (2). Given that the laser is positioned approximately
3.6 mm above the fixed bottom disk, this value is used as the height z
in the equation to estimate the radial velocity.

Fig. 8a presents a comparison between the experimental and analyt-
ical velocities. The experimental velocity is determined by calculating
the radial velocity near the edges of the disks, which are taken between
angles of 120° and 360° with respect to the counterclockwise angle
convention. This region is specifically selected to minimize the influ-
ence of the vortices on the radial velocity near the disk edges. Fig. 8b
demonstrates that the velocity profile is nonlinear with respect to the

b)

Fig. 7. Photo (a) shows the initial condition of the disks, and photo (b)
exhibits the vertical and horizontal movement of the top disk.

radius, in contrast to what is suggested by Eq. (2). The flow exhibits
high velocity upon entering the gap between the disks, followed by a
reduction in velocity, a characteristic consistent with a vena contracta
type of acceleration produced by the constricted gap, similar to the
behavior observed in nozzle flows (Hashiehbaf and Romano, 2013). It
is important to note that the analytical solution represents an idealized
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Fig. 8. Experimental and analytical radial velocity u, comparison (a) when
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when fixing A and varying r. The value of the fixed radius used for the graph
is 5.76 mm and the value of the fixed gap height is 10.6 mm. The error bars
indicate the standard deviation of the radial velocity when varying its angular
position.

case, where the velocity is perfectly axi-symmetric and goes to zero
at r = 0. In the experimental results, however, the radial velocity
is associated with an entry jet (see Fig. 6), which is produced by a
non-uniform pressure distribution in the gap between the two disks.

In conclusion, the theoretical and experimental radial velocities
show good agreement, with a RMSE of 0.2679 m s~! and 0.4322 m
s~1 for Case 1 and Case 4, respectively (Fig. 8a).

3.5. Cavitation number

The definition of the cavitation number for non-conventional prob-
lems, such as the one analyzed in this paper, can be a non-trivial aspect.
For this reason, different possible definitions of the cavitation number
are discussed in this section. As described by Franc and Michel (2005),
the cavitation number for a foil in a cavitation tunnel can be formulated
as:

o= p; — Py (8)
V2

where p, is a reference pressure and V is a velocity that character-
izes the system, typically the free-stream velocity under steady-state
conditions, which is a global parameter.

In the current study, the flow is transient, with the entire phe-
nomenon occurring within tens of milliseconds, which makes it difficult
to define representative values for pressure and velocity to be used in
the aforementioned definition of the cavitation number. One possible
choice for the characteristic velocity for the cavitation number is the
instantaneous maximum azimuthal vortex velocity at inception.

In the present problem, it can be observed that prior to the move-
ment of the disk, the liquid is quiescent. A type of cavitation in static
liquids under transient flow conditions has been investigated by Daily
et al. (2014), Garcia-Atance Fatjo (2016), and Pan et al. (2017). In
these studies, cavitation arises due to impulsive forces generated by
sudden accelerations in the liquid. The authors propose a potential di-
mensionless number that captures cavitation onset due to acceleration,
expressed as

o= Pr— Dy , (9)
paL,

where a is the acceleration and L. is a characteristic length. According

to their findings, cavitation occurs when the cavitation number is less

than 1; otherwise, it does not occur. Additionally, these studies note

that sudden accelerations typically occur within a time frame of less
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Table 4
Different values of the cavitation number for Case 4 obtained by following
three possible definitions.

Definition Characteristic Value of characteristic Cavitation
flow property flow property number, ¢
Eq. (8) max azimuthal 8.24 m s! 2.94
velocity vortices
Eq. (9) max acceleration 96 m s2 8.60
top disk
Eq. (10) max velocity entry 12.26 m s7! 1.33
jet

than 4 ms, and the cavitation onset and collapse span approximately
7 ms in total. Therefore, a possible cavitation number for the problem
under investigation is shown in Eq. (9), where the maximum accel-
eration is 96 m s~2, see Table 1, and the disk diameter is taken as
characteristic length, L..

As discussed earlier, cavitation tunnels typically use the free-stream
velocity as the global characteristic velocity for estimating the cavita-
tion number. An additional possible velocity to define the cavitation
number is the jet velocity when the disks first separate. The following
relationship is therefore proposed for the estimation of the cavitation
number

+pgH - p,
o= Lan t8H — D, (10)

o
where p,,, is the atmospheric pressure, H is the height of the water
column and u, is the radial velocity near the edge of the disk.

Since the PIV recordings are constrained by the position of the laser
sheet, and the radial velocity u, calculated using Eq. (2) exhibits good
agreement with the experimental radial velocity (see Fig. 8), the same
equation, i.e. Eq. (2), can be applied to determine the characteristic
flow velocity for the cavitation number. Note that for Fig. 8, z is
fixed in Eq. (2) due to the position of the laser. Thus, the maximum
radial velocity is captured at the initial moment of disk separation and
z = h/2. This requires estimating the limit of 4 and & in Eq. (5) and
(6), respectively, as time ¢ tends to zero. These results are then used to
compute the radial velocity u, in Eq. (10), ensuring that the initial flow
velocity is accurately reflected in the cavitation number estimation.

Table 4 shows the estimates of three possible cavitation numbers,
each of them defined using different characteristic flow properties, de-
pending on the chosen definition of the cavitation number. These char-
acteristic flow properties are (i) the maximum instantaneous azimuthal
velocity of the vortices at inception, (ii) the maximum acceleration of
the top disk, as expressed in Eq. (9), and (iii) the estimated initial jet
velocity when water first enters the gap between the disks, given by
Eq. (10). Note that p, = p,,,, + pgH for Egs. (8) and (9).

In the present work, the formation of cavitating vortices seems
to be due to high local velocities in the flow rather than sudden
acceleration. As seen in Fig. 4c, by the time the highest acceleration
is reached, the cavitating vortices have already formed, as illustrated
in Fig. 30 and 3u. This emphasizes the role of local flow velocities in
the cavitation process. Additionally, the cavitation number based on
the acceleration yields values significantly greater than 1, despite the
observed occurrence of cavitation.

Regarding the cavitation numbers defined by flow velocities, two
options are evaluated, both showing similar values and lower cavitation
numbers compared with the value obtained using acceleration. The first
option is an instantaneous local velocity, which can only be measured
using techniques that provide spatially resolved velocity fields. In
addition, two vortices are formed, raising the question of which vortex
should be selected for determining this characteristic velocity. The
second option is the jet velocity at the moment the disks first separate.
This latter velocity can be estimated using the analytical expression for
the radial velocity given in Eq. (2).
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Fig. 9. Ratio between the radial velocity and the estimated vertical velocity
for the four cases as a function of the gap height 4 between the two disks.

Therefore, in summary, three possible definitions of cavitation num-
ber are evaluated to identify which, if any, can describe the physical
behavior of the present transient flow. The definition of cavitation
number based on acceleration, while relevant for impulsive cavitation
in quiescent liquids, is unsuitable in this case. Cavitation appears
before the peak acceleration is reached and the associated cavitation
number is significantly greater than 1. In contrast, the definitions based
on velocity, either the instantaneous maximim vortex velocity or the
estimated initial jet velocity, yield lower values that are more consistent
with the observed onset of cavitation. However, from these definitions,
no specific characteristic flow property provides a fully representative
cavitation number for the problem studied here, thus emphasizing the
impossibility of unequivocally defining the cavitation number in the
transient and complex flow under investigation.

3.6. Can the vertical component of the flow velocity be neglected?

The experiments presented here focus on measuring the velocity in
a specific plane, corresponding to the laser position, which is parallel to
the disks. This laser positioning is selected to capture the radial flow as
it initially enters the gap between the disks using PIV recordings. The
pressure reconstruction is performed during the inception of cavitation,
which occurs at the beginning of disk separation. At this early stage, the
flow is expected to be predominantly radial, and the pressure reaches
its lowest point. As the gap between the disks increases, the vertical
velocity is expected to start influencing the flow, as well as the pressure
is expected to rise.

In Fig. 9, the ratio between the radial velocity and the estimated
vertical velocity of the flow is displayed. The vertical velocity is cal-
culated by Eq. (3), where z is the laser sheet’s position within the
gap. This estimation evidences that the vertical velocity component is
not expected to significantly impact the pressure reconstruction when
compared to the horizontal velocity components (x and y directions),
because the radial velocity is one order of magnitude higher than the
vertical velocity.

3.7. PIV data and pressure reconstruction

The velocity field computed by PIV allows for pressure reconstruc-
tion, which is essential for a deeper understanding of the flow phenom-
ena. Moreover, the vorticity field of the vortex pair provides further
insight into the characteristics of the two vortices at the different time
instants.

Fig. 10 emphasizes the asymmetric behavior of the vortex pair.
The displacement of the vortex core from Fig. 10a, 10e, 10i and 10m
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Table 5
The displacement of the left and right vortex core for the four cases for the
gap height between the disks of 4.9 mm and 22.7 mm.

Displacement of
Left Vortex (mm)

Displacement of
Right Vortex (mm)

Case 1 12.67 14.30
Case 2 8.27 4.54
Case 3 8.87 1.56
Case 4 11.01 2.81

compared to Fig. 10d, 10h, 101 and 10p respectively, are summarized
in Table 5. For the non-cavitating vortices, the displacements of both
vortices are similar. However, in the cavitating cases, the displacement
of the right vortex is significantly lower compared to the left vortex,
highlighting the greater strength of the right one.

The velocity vectors and vorticity fields depicted in Fig. 10 are
presented at the same scale, facilitating the comparison between the
cases. As expected, the vortices exhibit the lowest vorticity values in
the non-cavitating case. A noteworthy observation is that the right
vortex moves less than the left one, as seen in Fig. 10h, 101, and
10p. However, in the non-cavitating case (Case 1), the vortices exhibit
similar movement patterns; see Fig. 10d.

To give further support to the hypothesis that the origin of the ob-
served bubbles is cavitation, the pressure field is reconstructed from PIV
data in the region where the vortices occur. Simplifying assumptions
defined in Section 2.3 to the Navier-Stokes equations are introduced,
and a Poisson solver is applied. In order to evaluate the necessary
number of iterations to reach convergence, the value of minimum
pressure inside both vortices as a function of the number of iterations
of the Poisson solver is examined, and convergence is reached after
10* iterations. The estimated pressure fields for Case 4 and Case 1 are
presented in Fig. 11, respectively Fig. 11a and 11b, where the velocity
vector field is also depicted. It is important to mention that the velocity
field shown in Fig. 11 is obtained from the image oversampling of
ten repetitions (Samarage et al., 2012). The absolute pressure in the
core of the right vortex in Fig. 11a is 2.26 kPa, i.e., lower than the
vapor pressure, with the latter being 2.65 kPa for the experimental
conditions. This represents an additional important indication that a
phase transition occurs at the core of the vortices in Case 4. In Fig. 11b,
where the velocity field and pressure distribution for the non-cavitating
case are presented, the pressure inside the vortex is 82.63 kPa for the
left vortex and 84.62 kPa for the right vortex, therefore much larger
than the vapor pressure.

The window size used to process the particle images significantly
influences the results of the pressure reconstruction. Smaller window
sizes yield more precise results, but also increase random errors. Conse-
quently, reducing the window size allows for higher spatial resolution,
which helps to better resolve the pressure within the vortices. This
effect is illustrated in Fig. 12, where a notable impact on the pressure
inside the vortex core is observed when the window size decreases
from 64 x 64 px to 32 x 32 px. The pressure reduction becomes
even more pronounced when further decreasing the window size from
64 x 64 px to 8 x 8 px, particularly for the lowest pressure value in
Case 4. However, further reduction of the window size below 8 x 8 px
is undesirable due to increased errors. As expected, the 64 x 64 px
window size curve is smoother compared to other cases, owing to the
smoothing effect of having a larger window size.

By performing correlation averaging and applying a Poisson solver
for different instants for all cases, a graph of the lowest pressure value
inside the vortex cores, p,,,, as a function of the gap height between
the two disks can be plotted (Fig. 13). The development of the vortices
and their onset to cavitation, which we have thus far illustrated from
shadowgraphy images (Fig. 3), can here be interpreted in relation to
the variation of the minimum pressure inside the cores of the vortices.
Notably, the lowest pressure values within the left vortex core are
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Fig. 10. The vorticity field and velocity vector fields are illustrated for the four cases at four distinct heights between the disks 4, specifically at 4.9 mm, 8.9 mm,
11.2 mm, 22.7 mm. The figure on the bottom right represents where the vortices form in relation to the disk.

higher than the vapor pressure. This could be attributed to insufficient
spatial resolution or water quality effect. In the cavitating cases, the
bubbles trapped within the left vortex gradually increase in size as the
minimum pressure decreases.

The minimum pressure, p,,;,, estimated analytically using Eq. (4), is
shown in Fig. 13. According to the negative squeeze film theory, the
lowest pressure occurs at the center of the disk » = 0, which is the
reference point for the analytical estimation presented in Fig. 13. The
results indicate that the analytically calculated pressure does not drop
below the vapor pressure, confirming that cavitation is driven by the
non-uniform flow responsible for generating the two counter-rotating
vortices.

Data are resampled without correlation averaging to evaluate the
standard deviation of the pressure reconstruction from the PIV images.
The standard deviation is calculated according to Coleman and Steele
(2009) for ten repetitions with a 95% confidence interval and a Stu-
dent’s t distribution of 2.262. This is represented by the error bars in
Fig. 13.

To assess whether the left vortex in Case 4 statistically reaches pres-
sures below the vapor pressure, the standard deviation was calculated
for all available data points. This analysis was performed only for Case
4 for two reasons. The first reason is that this is the case in which
the minimum pressure comes closest to the vapor pressure. And the
second reason is that obtaining each minimum pressure value requires
completing both the PIV analysis and the pressure reconstruction for
every experimental repetition, totaling 810 individual computations.
The results show that the average standard deviation is 5.46 kPa for
the left vortex and 5.65 kPa for the right vortex. The lowest pressure

10

measured for the left vortex is 8.92 kPa. Therefore, even when account-
ing for the associated uncertainty, the pressure in the left vortex does
not statistically reach values below the vapor pressure.

For Case 3 and 4, where both cavitating vortices appear, the obser-
vation obtained from shadowgraphy, i.e. that the onset of cavitation
is abrupt for the right vortex if compared to the left one, can here
be explained by the relatively lower values of pressure of the right
vortex (Fig. 13). This pressure difference could be attributed to the
initial sliding motion proposed in Fig. 7, which leads to a different
formation process for the two vortices. Consistently, the left cavitating
vortex always forms more slowly than the right one.

4. Conclusions

This study explored the flow in the gap between two coaxial disks,
where the top disk was brought into rapid diverging movement after be-
ing initially in contact with the bottom one. The vertical displacement
of the top disk led to a radial non-uniform inflow of quiescent external
fluid, which determined an entry jet flow in the thin film between
the disks. This was associated to the formation of two counter-rotating
vortices, which, in some cases, exhibited gaseous cores, observed in
our experiments of high-speed shadowgrahy. To assess whether such
gaseous cores were the result of cavitation, pressure was reconstructed
from velocity fields obtained from 2D-PIV, which was performed in
a plane orthogonal to the axis of the disks, a few millimeters above
the bottom disk. The reconstructed pressure was found to be highly
sensitive to the spatial resolution of the velocity vector fields. For this
reason, a sum-of-correlation algorithm was applied. From this analysis,
the local pressure inside the core of the right vortex was found to be
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Fig. 12. The impact of window size on the pressure reconstruction is assessed
for the four cavitation numbers and for the right vortex.

lower than the vapor pressure for relatively high values of velocity
and acceleration of the top disk, thus clearly evidencing that cavitation
could be accounted for as responsible for the gaseous vortex cores.
From the aforementioned experimental analyses, the time-dependent
flow topology was thoroughly characterized. While the vortices for the
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Fig. 13. Time evolution of lowest pressure in the core, p,,, of the two
vortices, as a function of the gap height between the two disks. The analytical
solution is estimated at r = 0, where the pressure is known for its lower value.

non-cavitating case presented nearly identical vorticity as the mutual
gap height between the disks grows, cavitating vortices showed differ-
ent behaviors, also in relation to minimum core pressure. In particular,
the left vortex (rotating counterclockwise) strengthened gradually as
the top disk raised, whereas the right vortex (rotating clockwise) often
experienced abrupt cavitation onset and sudden collapse. This could
be attributed to the sliding motion proposed in Fig. 7, which leads to a
more abrupt formation of the right vortex compared with the left one.
In addition, bubbles in the left vortex gradually increase in size, leading
to the formation of a cavity, while those in the right vortex remain
relatively unchanged, with cavitation inception occurring suddenly.
Furthermore, in cavitating cases, the right vortex was observed to move
comparatively much less than the left vortex as the disk gap increases.

Fig. 14 summarizes the formation process of the non-uniform entry
jet that arises from the way in which the two disks separate. The fact
that the vortices appear at the location of the last point of contact be-
tween the disks is not coincidental. At this location, flows with different
velocities meet, generating shear that naturally rolls up into a pair of
counter-rotating vortices. The non-dimensionalized time, defined with
respect to the instant when the moving disk reaches its final position
(see Table 1), is also shown in Fig. 14 for the two cases in which two
cavitating vortices appear, i.e. Case 3 and Case 4.

An analytical solution for the flow was calculated by applying the
negative squeeze film theory. A comparison between the pressure from
this analytical model and the pressure reconstructed from velocity
data revealed that the analytical model dramatically overestimates
the minimum pressure in the flow, thus largely failing to predict the
onset of cavitation. This is because an azimuthally uniform inflow
cannot capture the formation of the counter-rotating vortices, which
is key in confidently modeling the onset of cavitation in problems
of tribonucleation. In fact, in reality, the two disks would never be
perfectly parallel as they are expected to be in the analytical model,
which leads to the formation of i. the entry jet, ii. the counter-rotating
vortices, and iii. the associated low-pressure regions, each of which
we observed in our experiments. This makes the negative squeeze film



M. Costa et al.

International Journal of Multiphase Flow 197 (2026) 105635

Horizontal view

When the disks first separate, the small
misalignment and slight angle between
them generate a non-uniform jet,
indicated by the arrows. The grey region

Horizontal view

When the two disks completely
separate, the two counter-rotating
vortices form. After that, the cavitation
onset of the left vortex occurs.

Vertical view

After that, the cavitation onset of the left
vortex occurs.

denotes the portion of the disks that are
still in contact.

T =0.20t, (Case 3)

T=0.17t (Case 4)

T =0.48t (Case 3)

T=042t (Case 4)

| Moving disk ]
[_Fixed disk ]

T=0.57t (Case 3)

T=0.50t, (Case 4)

Then, the abrupt cavitation onset for the
right vortex occurs.

| Moving disk ]

| Fixed disk |

T =0.60t, (Case 3)

T=0.53t, (Case 4)

Fig. 14. Conceptual schematic showing how the non-uniform inflow leads to the formation of two counter-rotating vortices at the point of last contact between

the disks, as well as the subsequent onset of cavitation.

theory inadequate to predict cavitation in this flow, for thin films of
a few millimeters and larger. Despite this, when comparing the radial
velocities from experimental result and analytical solution, we found
fairly small deviations, which indicated that the analytical model still
represents a valuable tool in estimating the radial velocity in the film.
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