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This paper introduces a novel piston-driven apparatus to study the onset of cavitation in an impulsively accelerated 
liquid column as it compresses a closed gas volume. The experiment is monitored using high-speed videography 
and piezoelectric pressure transducers. Cavitation onset is observed in the liquid column as it undergoes an abrupt 
deceleration, and is associated with a sudden drop in pressure in the liquid that leads to negative pressure in the liquid 
(tension). A novel numerical modeling approach is introduced where the liquid column is treated as a spring-mass 
system. This approach can reproduce compressibility effects in the liquid column and is used to investigate the wave 
dynamics responsible for the onset of tension and cavitation in the liquid column. The model is formulated as a coupled 
set of non-linear differential equations which reproduce the dynamics of an experiment while capturing the pressure 
wave activity in the liquid column. A parametric study is conducted experimentally and numerically to investigate 
the behavior behind the onset of cavitation. The mechanism for the onset of cavitation is identified as the reflection 
of compressive waves as rarefaction waves and this mechanism is found to be well reproduced by the model. While 
a traditional cavitation number criterion is shown to be unable to predict cavitation onset, our numerical model can 
correctly predict the boundary between regions of cavitation and of no cavitation in the phase space.

I. INTRODUCTION

Liquids can vaporize through two distinct physical pro-
cesses: increasing the temperature above the saturation va-
por/liquid temperature or decreasing the pressure below the
vapor pressure1. While the former is the commonly known
phenomenon of boiling, the latter is common only in particu-
lar engineering applications and some natural phenomena and
is known as cavitation. From a thermodynamic point of view,
these two processes are almost equivalent. However, most re-
search has been focused specifically on understanding cavi-
tation due to its ubiquity in many hydrodynamic phenomena.
Applications include hydraulic propellers and pumps2, under-
water explosions3, medical imagery and treatment4, and auto-
injector devices5.

Early research on cavitation dates back to the late 1800s,
with cavitation in the wake of ship propellers causing a drop
in performance and significant damage to the propeller1,6. It is
now well known that cavitation may occur in any liquid flow
where the speed is such that the local static pressure drops
below the vapor pressure1,2,7. In practice, this can happen in
the wake of propellers, behind any fast-moving underwater
object, and in Venturi tubes7. In such flows, it is common
to introduce the following cavitation number1,2,8 based on the
dynamic pressure drop in a flowing liquid:

σ =
p1 − pv
1
2 ρℓU2

, (1)

where ρℓ is the density of the liquid, pv is its vapor pressure,
U is the velocity of the flow, and p1 is the reference static
pressure. Although the threshold value of σ below which
the flow will cavitate varies across applications, it is gener-
ally understood8,9 that cavitation will occur where σ ≪ 1.

Beyond these engineering applications, much research has
been conducted on the physics of liquids in tension6,7,10–17.
Theoretical studies12,14,17 of pure liquids found that liquids
should be able to sustain tensions on the order of 104 bar.

This is well beyond what has been seen experimentally, with
the first experimental study conducted in 1849 by Berthelot
yielding values of up to 50 bar10,11.

Since then, many other experimental studies6,13,15,16,18 have
shown that liquids can undergo values of tension on the or-
der of 1–103 bar. This is commonly done experimentally by
generating a shock directed toward a free surface that reflects
as a rarefaction wave, putting the liquid in a state of tension.
This has been done through the use of a detonation tube16, a
bullet-piston apparatus6,13,15,18, and more recently on silicone
oils using plate-impact experiments19. Although many studies
were conducted to quantify the tension that liquids can sus-
tain before cavitating, significant discrepancies still exist in
the literature18,19. This disagreement is generally explained
by arguments on the purity of the fluid1, the adhesive force
between the liquid and the wall6,11, or the rate of stress that
the liquid is subjected to6. In particular, solid or gaseous in-
clusions in the liquid can act as nucleation sites that decrease
the threshold tension for the liquid to cavitate1,6,7.

Recently, some experimental studies have been interested
in the onset of cavitation due to acceleration in liquid
columns5,8,9,20,21. These experiments, though qualitatively
similar to the shock tube and bullet-piston methods, differ
from them in that the accelerations involved are too small to
generate shock waves. One common method, the tube-arrest
method, consists in partially filling a container with liquid and
accelerating the container downward by a sharp impact, thus
creating tension directly by forcing the bottom wall away from
the liquid. Studies using this technique found that cavitation
occurs at the bottom interface between the liquid and the solid
wall of the container8,21.

Other methods such as drop-tube and surface piston im-
pact are more analogous to the bullet-piston experiment. They
consist in sending a compressive pulse through the liquid that
eventually reflects off of a free surface as a rarefaction wave
that puts the liquid in a state of tension5,8. Results with these
two methods generally show cavitation in the bulk of the liq-
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FIG. 1. Experimental apparatus. (a) Schematic of experimental apparatus, (b) Schematic representation of the experiment test section showing
key behavior and parameters (dimensions not to scale).

uid, not limited to the liquid-solid interface5,8.
For such applications, an alternative cavitation number was

introduced in 2016 by Fatjo9. It is analogous to the cavita-
tion number σ introduced in Eq. 1 but replaces the dynamic
pressure in the denominator by the water hammer pressure
obtained from rigid column theory. This yields the following
formulation:

Ca =
p1 − pv

ρℓ ah
, (2)

where ρℓ ah=∆p is the pressure increase in the liquid column
due to the water hammer effect obtained from rigid column
theory, with h the height of the water column, and a its instan-
taneous acceleration. Similarly to σ , cavitation is expected
to occur if Ca ≪ 1. This number has been experimentally
validated by some tube-arrest and drop-tube experiments8,21.
The gravitational constant g can be introduced into Eq. 2 to
formulate the cavitation number as a ratio between the non-
dimensional force from the pressure difference and the non-
dimensional acceleration, which yields

Ca =
(p1 − pv)/(ρℓ gh)

a/g
. (3)

Although cavitation in impulsively accelerated liquid
columns has been investigated experimentally8,21 and with nu-
merical simulations5, past studies have fallen short of produc-
ing a model to quantitatively reproduce the mechanism linking
dynamics of a liquid column to tension and cavitation in the
liquid. In particular, the coupling between the dynamics of
the liquid column and the resulting pressure field has not been
satisfactorily modelled.

The present study is motivated by the potential appearance
of cavitation in liquid metals in a concept for fusion energy

termed magnetized target fusion (MTF)22. In this concept, a
preformed plasma is compressed to fusion conditions using a
collapsing liquid shell. If collapse is driven by pistons inject-
ing the liquid, cavitation may occur due to the dynamics of the
injection and compression process. Cavitation onset can rep-
resent a potential source of damage to the device’s operation
or may be beneficial in attenuating the high-pressure wave
activity generated in the device and must therefore be un-
derstood and accurately predicted. While liquid metals (e.g.,
lithium or lithium-lead eutectic) would be used in an MTF ap-
plication, water is used in the present study for convenience.
Previous research by this group has investigated the pressure
pulse and cavitation onset in a piston-driven annular cavity
collapse for a similar application23.

This paper investigates the conditions for the onset of cavi-
tation in a piston-driven liquid column as it impulsively com-
presses a gas volume. The paper is structured as follows. Sec-
tion II presents the experimental apparatus of a piston-driven
liquid column and the associated diagnostics. Additionally,
a modeling approach is presented that reproduces the experi-
mental dynamics and treats the liquid as a spring-mass system
to capture the wave activity in the column. Section III presents
representative experimental results in detail, visualized us-
ing xt-diagrams reconstructed from videography and synchro-
nized with the recorded pressure activity. Section IV presents
the modeling results, which serve to identify the mechanism
of cavitation onset. The results of the model in comparison to
a comprehensive sweep of the experimental parameter space,
defining regions where cavitation is or is not observed, are
presented in Section V, and a concluding discussion is found
in Section VI.
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II. METHODS

A. Experimental Setup

1. Experimental Apparatus

The experimental apparatus is shown schematically in
Fig. 1. It consists of a polycarbonate tube of height
H = 310 mm, with an inner diameter of 38.1 mm (1.5 in)
and wall thickness of 3.18 mm (1/8 in), sealed at both ends
by aluminum flanges and containing an aluminum piston of
length 31.3 mm (1.23 in). The piston has two lubricated rub-
ber X-rings that provide a dynamic seal to prevent gas or water
leaks around the piston. The sealed volumes above and below
the piston are independently connected through plumbing to a
vacuum pump. The volume below the piston is kept at approx-
imately 1 kPa before every experiment to ensure the piston
starts at the bottom of the tube. The volume under the pis-
ton is also connected to a high-pressure gas reservoir (volume
500 mL) through a fast-acting solenoid valve (model Granzow
E2B19-000). More details of the development of the experi-
mental apparatus can be found in Kokkalis24.

Prior to an experiment, distilled water is introduced in the
volume above the piston to the desired height h, leaving part
of the volume filled with gas. The water is degassed in situ by
lowering the pressure to around 1 kPa for 2–5 minutes to limit
the presence of dissolved gasses and small bubbles before an
experiment. This is repeated multiple times until no bubbles
are visible in the water column. The pressure in the test sec-
tion gas volume is then set to the desired value (pt,0) using
the vacuum pump, and the section is then closed off from the
vacuum line with a valve. The gas reservoir is filled with com-
pressed nitrogen to the desired driving pressure (pr,0) before
the start of the experiment.

The experiment begins by triggering the solenoid valve to
open, allowing nitrogen to expand through the valve and push
the piston upward in the polycarbonate test section. The pis-
ton accelerates the liquid column upward and compresses the
gas volume above the water. The pressure in the gas vol-
ume eventually reaches a maximum that causes the water
column and piston to stop abruptly and then to start mov-
ing downward, as the gas volume expands and decompresses.
This event is termed turnaround and is analogous to a water-
hammer flow where water is abruptly stopped by a solid wall.
Cavitation–if it occurs–is observed shortly after turnaround,
and the experiment is over 15–30 ms after the initial opening
of the solenoid valve.

Three experimental parameters can be independently con-
trolled, determining the dynamic and compression profile of
the liquid column in the test section. The first parameter is
the height of water (h), which can be varied between two ex-
tremes: a case with no water (only gas above the piston) and
a case with no gas (only water above the piston). The second
parameter is the initial pressure in the gas reservoir (pr,0) prior
to the experiment, which can be varied up to values of 20 bar.
As the initial pressure in the gas reservoir is increased, the pis-
ton is driven up at greater accelerations and the liquid column
reaches greater peak velocities. The third independent param-

eter is the initial pressure in the test section (pt,0) set before
an experiment, which can be varied between 1–100 kPa. As
this pressure is lowered, the mass of gas in the test section de-
creases and is therefore more easily compressed, causing the
liquid column to reach higher peak velocities, accelerations,
and peak test section pressures.

The three parameters can be controlled independently to
change the dynamics of the experiment, resulting in experi-
mental peak velocities in the range of 7–16 m/s, accelerations
of 4 000–90 000 m/s2, and peak transient pressures ranging
from 1 to 6 MPa. The parameters pr,0 and pt,0 have no phys-
ical meaning outside of the context of this experiment, there-
fore we choose in this paper to report experiments quantified
by the height of liquid column h, maximum piston velocity
vp,max, and maximum test section pressure pt,max.

2. Diagnostic Methods

The dynamics of the piston and water column are recorded
via high-speed videography (Photron FASTCAM SA5 model
1300K-M1) with a frame rate of 50 000 fps and a resolution
of 128×776 pixels (spatial resolution of 4 mm/pixel). The
position of the piston in time is tracked using an in-house
MATLAB image-tracking code, which uses a Kanade-Lucas-
Tomasi point-tracking function from the MATLAB Computer
Vision Toolbox. The position of the piston is extracted at
each frame, and velocity is obtained via a central-difference
scheme and then smoothed using a local regression method.
Acceleration can then be obtained via a central-difference
scheme derivative of the smoothed velocity data.

The high-speed imagery also allows us to see the bubble
cluster growth and collapse in the liquid column. In order
to visualize a complete experiment in time as a single plot,
a post-processing method was written in MATLAB in which
each frame is averaged horizontally into a single pixel column.
The individual pixel column for each frame is then displayed
stacked side by side with the other pixel columns to provide
an xt-diagram of the experiment with time on the horizontal
axis and height on the vertical axis. This allows us to visualize
the dynamics of an experiment as well as the location and time
scales of bubble growth and collapse in a single plot.

In addition to high-speed imagery, pressure measurements
are used that record the acoustics in the test section. The pres-
sure in the gas volume of the test section is measured with a
PCB-113B23 (PCB Piezotronics) pressure sensor connected
to a digital oscilloscope (PicoScope model 4824) sampling at
1 MHz with a resolution of 3.45 kPa/mV. This measurement
allows us to quantify the compression rate and amplitude of
the gas volume in the test section that links to the dynamics of
the experiment and the onset of cavitation.

To obtain pressure measurements directly in the liquid col-
umn, a modified polycarbonate tube can be used that has
two additional pressure sensors along its length. The sensors
are mounted horizontally into two custom-built aluminum
flanges such that the sensor face is flush with the inside of the
tube. The two sensors (one PCB-113A26 with a resolution
of 68.8 kPa/mV and one PCB-113B23 with a resolution of
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FIG. 2. Typical velocity traces obtained from the PDV measure-
ments and the image-tracking method. Experimental parameters for
Exp (1, 2, 3) are, respectively: h = (145, 145, 145) mm, pt,max =
(3.9, 4.6, 1.5) MPa, vp,max = (10.3, 13.0, 9.35) m/s.

3.43 kPa/mV) are mounted at a height of 125 mm and 213 mm
from the bottom of the tube, respectively. The attachment fea-
ture for these sensors partially obstructs the view of the test
section, and the water height must be at least h = 200 mm to
prevent the piston from passing in front of the bottom sensor.
Therefore, these two additional sensors are only used for a
small subset of experiments to give insight into the pressure
field in the liquid column and to validate the model results.

3. Validation of Image-Tracking

The piston dynamics extracted from the high-speed im-
agery were validated against data from a Photonic Doppler
Velocimetry (PDV) system25. PDV measures the piston veloc-
ity by reflecting a laser beam off the piston’s bottom surface
and measuring the variation in the beat frequency between the
Doppler-shifted reflected beam and a reference beam. The
PDV probe in the present experiment is mounted on the bot-
tom flange of the apparatus, and the laser beam is directed
through a small transparent window that allows good optical
access to the bottom surface of the piston. Figure 2 shows
a comparison between velocity profiles obtained with PDV
and high-speed video for typical experiments. Due to the rel-
ative complexity of the PDV setup and the good agreement
with high-speed camera measurements, the experimental data
shown hereafter is obtained from the image-tracking method
rather than PDV measurements.

B. Modeling Framework and Derivations

The model introduced in this paper represents a novel ap-
proach to treating flows for liquid columns undergoing accel-
eration. This approach is purely one-dimensional and aims

to couple dynamics modeling to the liquid column acoustics
that are of key importance for understanding and predicting
cavitation. The equations presented hereon serve to create a
numerical tool that can simulate the experimental setup given
a set of parameters that define the experiment geometry and
its initial conditions.

The modeling approach uses the following simplifying as-
sumptions to model the dynamics. The compression and ex-
pansion of the gas in the test section, as well as the gas dis-
charge from the reservoir are assumed to be isentropic. This
is because the experiment happens quickly enough that the
gas behaves adiabatically. The friction of the piston, as well
as the friction due to the water on the walls, were found to
have a negligible effect compared to the large pressure forces
acting on the system and are therefore ignored. The model
is one-dimensional and therefore does not capture the surface
instabilities of the liquid. The surface instabilities are not be-
lieved to significantly affect the pressure field in the liquid. Fi-
nally, the valve is assumed to behave like a simple orifice that
opens instantaneously. Preliminary experiments of gas dis-
charge through the valve orifice showed that the valve open-
ing time had a negligible effect on the dynamics of the exper-
iment. Additionally, these experiments were used to obtain an
effective orifice area for the valve (Av) which includes losses
through the valve (equivalent to determining a discharge co-
efficient).

1. Gas Reservoir Discharge Modeling

The model aims to accurately reproduce the dynamics of
the experiment while also providing a solution for the pressure
field in the liquid column. To do that, the model must take
into account the transient discharge of the gas contained in the
volume of the reservoir (Vr) into the volume under the piston
(Vp). This is done by modeling the flow through the solenoid
valve as compressible gas flow through an orifice, subject to
a condition of choking if pp < 0.5283pr. The flow rate out of
the reservoir is given by

dm
dt

=−Av pr

√
γ

RTr

(
2

γ +1

) γ+1
2(γ−1)

(4)

if the orifice is choked and is otherwise given by

dm
dt

=− Av pr√
RTr

(
pp

pr

) 1
γ

 2γ

γ −1

1−
(

pp

pr

) γ−1
γ

 1
2

, (5)

where Av is the effective orifice area of the valve, R is the
specific gas constant of nitrogen, Tr is the temperature of the
gas in the reservoir (obtained using the ideal gas law), and γ

is the ratio of specific heats for nitrogen.
Knowing the flow rate, the equation for the rate of change

of pressure in the reservoir is easily derived from the ideal gas
law using isentropic relations and taking into account that the
volume stays constant:

dpr

dt
=

γRTr

Vr

dmr

dt
, (6)
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where mr is the mass of gas in the reservoir volume. The vol-
ume below the piston, however, is subject to a mass flow rate
in but also a volume Vp that changes as the piston moves up
and down in the column. A conservation of energy approach26

is used to model the pressure under the piston as a function of
the mass flow rate and the rate of change of volume

dpp

dt
=

γ −1
Vp

cp
dmp

dt
Tr − γ

pp

Vp

dVp

dt
, (7)

where cp is the heat capacity of nitrogen at constant pressure,
and mp and pp is the mass and pressure of nitrogen in the
volume under the piston, respectively. We can use the rela-
tionship between the volume under the piston and the piston
position xp to obtain

dpp

dt
=

1
Vp

(
(γ −1)cp

dmp

dt
Tr − γ ppAp

dxp

dt

)
, (8)

where Ap is the area of the bottom face of the piston that is
exposed to pressure.

2. Acoustic Modeling Approach and Wave Speed

To correctly model the acoustics in the liquid column, a
novel approach is introduced in which the compressibility
of the water is taken into account by modeling it as a sys-
tem of spring-connected masses. This allows us to capture
the coupling between the dynamics of the water column and
the acoustic waves travelling through it. Figure 3 shows a
schematic representation of the model framework. The water
column of height h is divided into n fluid elements, each of
length L0 = h/n. Each element has mass me = mw/n, where
mw is the total mass of the liquid column.

We can relate the stiffness of the springs in the model to
the bulk modulus of the liquid to ensure the speed of sound in
the coupled spring-mass system reproduces the correct speed
of sound. The bulk modulus (κ) is defined as the change in
pressure in the liquid divided by the volumetric strain, which
can be expressed as

κ =
∆p

∆V/V0
, (9)

where ∆p is the change in pressure, ∆V is the change in vol-
ume, and V0 is the original volume of fluid. Using a conserva-
tion of mass argument, the expression above can be modified
to obtain the well-known equation for bulk modulus

κ = ρℓc2, (10)

where c is the wave speed of the fluid.
In our one-dimensional system, the volume of one fluid ele-

ment is equal to its original length L0 times the cross-sectional
area of the inside of the tube Ap. The volume change can
therefore be expressed as ∆V = Ap∆x, where ∆x represents
the change in height of the fluid element due to compression.
We can also express the change in pressure as the force acting

Piston

pp(t)

dmp/dt

pt(t)

h

xp
x1

xi

xn

ks

FIG. 3. Schematic representation of the model framework with the
liquid column discretized into spring-connected fluid elements. The
number n of fluid elements shown here is arbitrary.

on a spring over the area Ap, such that ∆p = ∆F/Ap. Using
these relations and equating the right-hand sides of Eqs. 9 and
10, we obtain:

L0

A0

∆F
∆x

= ρℓc2. (11)

Noticing that the spring stiffness is given as ks = ∆F/∆x, and
that the density can be expressed as ρℓ =me/V0, we can obtain
an expression for the spring stiffness that must be used in the
model

ks =
mec2

L2
0

. (12)

Because the liquid in our experiment is contained in a thin-
walled polycarbonate tube, we must consider the effects of
fluid-solid coupling on the wave speed. The amount of fluid-
solid coupling can be quantified by the following parameter:
β = 2κr/Ez, where r is the average of the inner and outer
radius of the tube, E is the elastic modulus of the tube mate-
rial, and z is the thickness of the tube wall27. In our experi-
ment, using E = 2.4 GPa for polycarbonate, z = 3.175 mm,
R = 19.05 mm, and κ = 2.2 GPa for water, we obtain a cou-
pling parameter β = 11. Since β ≫ 1, acoustic waves in the
tube are expected to propagate at the Korteweg wave speed27,
which is given by

c =
af√
1+β

, (13)

where af is the speed of sound in the fluid. For water, we may
take af = 1488 m/s, and thus obtain a Korteweg wave speed
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of c = 430 m/s, which is the wave speed we use in Eq. 12.
With the formulation of liquid compressibility as a system of
spring-connected masses, we can now model the acoustics in
the liquid column as it undergoes the dynamics of the experi-
ment. This can be used to investigate the mechanism by which
some springs may come under tension, thus indicating a po-
tential site of cavitation.

3. Model Formulation

We now have established an approach to treat the discharge
of the gas reservoir into the volume under the piston, as well
as a way to treat the water as a compressible fluid to capture its
dynamics and the acoustics through the liquid column. This is
now formulated as a system of second-order non-linear cou-
pled ODEs that is solved numerically using the built-in MAT-
LAB Runge-Kutta solver. The state vector is given by

y =



mr
pr
mp
pp
xp
ẋp
x1
ẋ1
...
xn
ẋn


. (14)

The variables mr and mp correspond to the gas mass, and pr
and pp correspond to the gas pressures in the reservoir and
under the piston, respectively. Variables xp and ẋp correspond
to the position and velocity of the piston, and xi and ẋi cor-
respond to the position and velocity of each fluid element for
i = 1,2, . . . ,n.

We now take the derivative in time of the state vector to
obtain

ẏ =



ṁr
Ṗr
ṁp
Ṗp
ẋp
ẍp
ẋ1
ẍ1
...
ẋn
ẍn


. (15)

The mass flow rates ṁr and ṁp are equal and opposite to
each other, and they are evaluated using Eqs. 4 or 5, sub-
ject to the condition of choked or unchoked flow. The pres-
sures pp and pr are solved using Eq. 8 and Eq. 6, respectively.
The equations for velocity are expressed as ẋi = dxi/dt for
i = 1,2, . . . ,n.

The equations for acceleration are obtained for the piston
and for each fluid element using Newton’s second law. The

piston is pushed from below by the pressure pp, and from
above by the spring of the first fluid element. We can therefore
express its equation of motion as

ẍp =
(

pp(t)Ap + ks(x1 − xp −L0)−mpistong
)
/mpiston, (16)

where mpiston is the mass of the piston. For fluid elements
i = 1,2, . . . ,(n−1), the equation of motion is formulated as

ẍi = (−ks(xi − xi−1 −L0)+ ks(xi+1 − xi −L0)−meg)/me.
(17)

Finally, the equation of motion for the last fluid element is

ẍn =
(
−pt(t)Ap − ks(xn − xn−1 −L0)−meg

)
/me, (18)

where pt(t) is obtained assuming the gas volume in the test
section undergoes isentropic compression where PV γ remains
constant. We have formulated coupled equations for all vari-
ables in the state vector, allowing us to solve it numerically
given a set of initial conditions. These equations can be solved
numerically in only a few seconds, thus allowing us to run
many cases over a wide range of parameters.

III. EXPERIMENTAL RESULTS

A. Cavitation Onset and Collapse Behavior

We first investigate the onset of cavitation for one represen-
tative experiment. Figure 4 shows high-speed images from a
typical experiment where cavitation occurs in the liquid col-
umn (Multimedia available online). This experiment has a
liquid column height of 150 mm, reaches a peak pressure of
4.0 MPa, and a peak velocity of 10.5 m/s. The experiment
is broken down into three distinct phases: the compression of
the gas volume, the onset of cavitation, and the collapse of
the bubble cluster. The compression phase corresponds to the
time when the piston and water column go up, thus compress-
ing the gas volume above the water, and ends at the moment
of turnaround. This can take anywhere between 15–30 ms
depending on the experimental parameters (22 ms in the ex-
periment shown in Fig. 4). During this phase, upward ve-
locities typically reach 10 to 15 m/s, with accelerations up to
7,000 m/s², and no cavitation is observed.

The moment of turnaround corresponds to when the gas in
the test section reaches a maximum pressure and a minimum
volume and causes the liquid column to stop abruptly. This is
similar to a water-hammer flow, however, in our experiment,
the small gas volume provides some cushioning of the liquid
column impact. This also corresponds with the highest accel-
eration of the liquid column, with values of up to 90 000 m/s2.
In our experiments, near turnaround, the free surface of the
liquid is no longer visible as the small gas volume is hidden
behind the aluminum flange (see Fig. 4 and 5). Immediately
after turnaround, the liquid column starts accelerating down-
ward due to the high pressure in the test section. As the piston
starts moving downward, a state of tension may be reached in
the liquid column that leads to cavitation onset.

Cavitation is identified visually by the initial appearance
and sudden growth of cavitation bubbles in the test section.
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FIG. 4. High-speed images of a typical experiment with cavitation cluster formed in the liquid column (Multimedia available online). The
experimental parameters for the experiment shown here are: h = 150 mm, pt,max = 4.0 MPa, and vp,max = 10.5 m/s.

The initial onset of cavitation happens between 0.4–1 ms after
turnaround, depending on the experiment. This is followed
by a short and intense period of bubble growth lasting about
0.1 ms, after which the bubble cluster reaches its maximum
size. We identify this point as the state of maximum cavitation
in the liquid column and quantify the amount of cavitation
by measuring the height Lmax of the bubble cluster. Figure 5
shows the xt-diagram for the experiment, in which we can
clearly visualize the motion of the piston and liquid column
as well as the bubble cluster that appears as a darker region
shortly after turnaround.

Lₘₐₓ

h

t = 0 ms

Onset

Collapse

FIG. 5. Experimental xt-diagram obtained for an experiment with
parameters: h = 150 mm, pt,max = 4.0 MPa, and vp,max = 10.5 m/s.

The third phase of the experiment occurs after the initial on-
set of cavitation and corresponds to the collapse of the bubble
cluster. This phase can last between 0.01–5 ms depending on
the experiment conditions (3.34 ms in the experiment shown
in Fig. 4). During the collapse phase, individual bubbles may
continue to grow in size, but the bubble cluster size continu-
ously decreases, as seen in Fig. 5. As the bubble cluster size
decreases, individual bubbles merge to form a tightly packed
group of large bubbles that all converge and collapse at a sin-
gle point. After the collapse of this cluster, we observe a sec-
ondary, weaker, onset of cavitation that can be seen in the last
image of Fig. 4 and between 27 and 30 ms in Fig. 5.

The onset and collapse behavior shown in Fig. 4 and 5 is
qualitatively similar for all experiments where cavitation is
seen. However, the location and size of the bubble cluster,
as well as the timing of turnaround, cavitation onset, and col-
lapse are different and depend on the specific dynamics of a
given experiment. A key observation from these results is that
the location of cavitation is generally not at either end of the
liquid column, but rather occurs at some location along its
length, with little to no cavitation seen near the piston or the
free surface. Additional experimental results of cavitation can
be found in Appendix B.

B. Pressure Field in the Liquid Column

We now investigate the pressure field in the liquid column
during and after turnaround as it relates to the mechanism and
location of cavitation onset. Figures 6 and 7 show pressure
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the top of the test section and two locations along its height (125 mm and 213 mm) for experimental parameters: h= 200 mm, pt,max = 3.5 MPa,
and vp,max = 8.33 m/s. The pressure data has been smoothed using a moving-average filter.

measurements and an xt-diagram from an experiment where
the liquid column height is 200 mm. The pressure measure-
ments are taken in the gas volume at the top of the test section
and in the liquid column at two locations along the polycar-
bonate tube. These two figures allow us to link the pressure
field in the liquid column with the key phases of cavitation
onset and collapse.

The compression phase for this experiment lasts until
turnaround at 15.5 ms, identified as a maximum in pressure
of about 3.5 MPa in Fig. 6 and a maximum in piston position
in Fig. 7. Though the compression phase lasts 15.5 ms, most
of the increase in pressure in the gas volume occurs within one
millisecond before turnaround, in a way that is similar to the
pressure increase in a water-hammer flow. The pressure in the
liquid column decreases as fast as it increased, less than one
millisecond after turnaround. We also note that the pressure
measured closest to the piston (sensor at 125 mm) is about
1 MPa lower than that observed near the top.
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FIG. 7. Experimental xt-diagram obtained for an experiment with
parameters: h = 200 mm, pt,max = 3.5 MPa, and vp,max = 8.33 m/s.

The xt-diagram allows us to identify the onset of cavitation
of the bubble cluster less than 1 ms after turnaround at a verti-
cal position between 200 and 260 mm along the height of the
tube. At the same time, the sensor measuring pressure in the
water at a position of 213 mm shows a drop in pressure below
zero. The observed negative pressure matches both the time
and location of the cavitation onset seen in the xt-diagram. We
also notice that the sensor positioned at 125 mm, although it
does measure a pressure drop, does not measure any pressure
below zero. This again agrees with the observation that there
is no cavitation observed at this position in the xt-diagram.

In addition to measuring the pressure drop that is simulta-
neous with cavitation onset, both sensors in the liquid column
measure a sharp increase in pressure at about 20 ms, immedi-
ately after the end of collapse. This strong pressure wave ac-
tivity corresponds to the pressure wave generated by the end
of the collapse seen at about 20 ms in the xt-diagram of Fig. 7.

IV. MODELING RESULTS

We now investigate results obtained from a representa-
tive simulated experiment with the model developed in Sec-
tion II B. This will give us insights into how the model is able
to capture the pressure field generated from the dynamics of
the piston and liquid column during and after compression.

Figure 8 shows a visualization of a typical modeling re-
sult that is analogous to the experimental xt-diagram shown
in Fig. 5. The plot in Fig. 8a shows both the displacement of
the piston and liquid column as well as a contour of pressure
inside the water column as a function of time. The pressure at
each discrete location is obtained from the force in the spring
at that location divided by the cross-sectional area of the in-
side of the tube. The plot in Fig. 8b shows a closeup of the
pressure contour near the moment of turnaround. The column
undergoes strong compression at turnaround due to the water-
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(a) (b) Tension onset

FIG. 8. Modelled xt-diagram and pressure contour for a simulation where h = 175 mm, pt,max = 7.1 MPa, and vp,max = 10.3 m/s. (a) Full
xt-diagram with schematic representation of the experiment geometry. (b) Closeup of the pressure contours near turnaround.

hammer-like effect of compressing the gas in the test section.
We observe that the volume of gas above the water surface is
reduced to a height of just a few millimetres at this moment of
maximum compression. The compression is closely followed
by a drop in pressure as the gas volume expands and the liq-
uid column turns around. Shortly after turnaround, a region of
tension (negative pressure shown in blue) is seen in the middle
of the liquid column as the piston is moving downward.

To better understand how the compression dynamics even-
tually lead to a state of tension, we take the gradient of pres-
sure in time using a forward difference scheme, which allows
us to visualize wave dynamics in the liquid column. Since
the discrete mass elements used in the model are effectively
Lagrangian elements, the derivative of pressure taken in time
corresponds to the material derivative of pressure. Figure 9

FIG. 9. Closeup of the pressure gradient contours obtained with the
model for a case where h = 175 mm, pt,max = 7.1 MPa, and vp,max =
10.3 m/s.

shows an xt-diagram visualization of this pressure gradient,
allowing us to visualize wave dynamics in the liquid column.
This allows us to see wave dynamics near turnaround for the
same simulated experiment as shown in Fig. 8.

Figures 8 and 9 show that for this simulated experiment,
turnaround occurs at about 18.3 ms, and the initial onset of
tension occurs approximately 0.7 ms after turnaround. Fig-
ure 9 shows that the test section gas volume reaches a min-
imum volume (corresponding with a maximum pressure) at
about 18 ms. This sends a strong compressive pulse (shown
in red) downward through the liquid column which eventually
reaches the piston. The earlier part of this compressive pulse
reflects off of the piston first as a compressive pulse and the
later part as a rarefaction pulse (shown in blue). These com-
pression and rarefaction waves lead to a successive increase
and decrease in the pressure which can be observed in Fig. 8.
This train of compression/tension then gets reflected off of
the top of the liquid column leading to a second successive
compression and tension wave going downward in the liquid
column. The onset of tension seen in Fig. 8 occurs immedi-
ately after this second rarefaction wave that is travelling down
in the liquid column.

The modeling results shown in this section for a represen-
tative experiment are qualitatively equivalent for all simulated
experiments. Other simulations will differ only in the mag-
nitude of the pressure, velocities, and accelerations for given
initial conditions, as well as the timing, magnitude, and loca-
tion of tension (if any) in the liquid column. We also note that
the results shown in this section are comparable to those ob-
tained using a method of characteristics (MOC) approach to
track wave dynamics. The novelty of our modeling approach
is the inherent coupling of dynamics and acoustics, which re-
moves the need to treat complicated boundary conditions that
are often a limiting factor in MOC codes.
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V. DISCUSSION

A. Mechanism for Tension Onset

We have seen in the experimental results of Section III B
that the observed onset of cavitation shortly after turnaround
is accompanied by a sudden drop in pressure in the liquid to
values below zero. We have also seen in Section IV that, by
modeling the liquid column as a spring-mass system, we can
capture the wave dynamics that may lead to the onset of ten-
sion in the liquid column. We now attempt to provide a com-
plete explanation for the mechanism by which wave reflec-
tions may lead to tension in the liquid column and how it may
explain the location of the bubble cluster.

Figure 10 shows schematic representations of the mech-
anism of wave generation and reflection in our experiment.
As seen in Fig. 10a, the abrupt slowing down of the free sur-
face and subsequent compression of the gas volume above the
liquid column sends a train of compression waves downward
through the liquid. Before this compressive pulse, the piston’s
upward velocity (vp) is almost exactly equal to the water ve-
locity (vw) and the pressure in the liquid column is relatively
low (on the order of 0.1 MPa, as seen experimentally). As
the train of waves reaches the piston, they impart a downward
momentum on the piston, thus slowing it down.

As shown in Fig. 10b, the initial compressive waves slow
down the piston, but the piston still has upward momentum.
The velocity of the piston relative to the water is positive up-
ward after the wave has hit the piston (vp −∆vp > vw −∆vw),
and therefore the piston further compresses the water. While

this relative velocity is positive, the compressive waves will
effectively reflect as compressive waves off of the piston, fur-
ther compressing the liquid column. When the piston has lost
all of its upward momentum, compressive waves hitting it will
start accelerating the piston downward such that the velocity
of the piston relative to the water will become negative. In
this case, shown schematically in Fig. 10c, the piston moving
away from the liquid will send rarefaction waves up through
the liquid column, leading to a sudden decompression.

The piston can therefore act as a solid wall, which reflects
compression waves as compression waves, or as a free sur-
face, which reflects compression waves as rarefaction waves,
depending on its momentum. The transition between these
two types of reflection will depend on the magnitude of the
pressure pulse, the mass and velocity of the piston, as well as
the compressibility of the liquid medium.

In addition to the reflection of the wave off of the piston, the
wave will also reflect off of the free surface between the liquid
column and the gas volume. Here, the type of reflection will
depend on the magnitude of the wave as well as the magnitude
of pressure and vertical size of the gas volume. Indeed, if
the pressure in the gas volume is high and its volume small
(as is the case near turnaround), a wave arriving at the free
surface will ring-up in the small air gap and reflect off of the
solid wall at the top of the experiment (as seen in Fig. 10a
and Fig. 9). If the pressure in the gas volume is low, the free
surface will reflect compression waves as tension waves and
vice-versa due to the large difference in acoustic impedance
between the water and the gas.

As explained above, the magnitude and timescale of rar-
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FIG. 11. Experimental phase map data showing the onset of cav-
itation on a plot where the x and y axes are the denominator and
numerator of Eq. 3, respectively. The line of Ca = 1 represents the
theoretical boundary between cavitation (below the line) and no cavi-
tation (above the line). These results show that this cavitation number
is not able to predict cavitation onset for our experimental facility.

efaction waves in the liquid column will depend heavily on
the velocity and mass of the piston as well as the strength
of the initial compressive pulse. For tension to occur in the
liquid column, a sufficiently strong rarefaction wave must be
generated. This state of tension may be reached immediately
after the rarefaction generated by the piston or may occur only
after the reflection of this rarefaction wave leads to a further
decrease in the liquid pressure.

B. Cavitation Regimes and Prediction

We now compare experimental and modeling results over
a wide range of parameters, with a focus on differentiating
regimes of cavitation and of no cavitation, as well as test-
ing the ability of the model to accurately predict cavitation.
The experimental data used represents 129 experiments with
varying peak pressures and velocities, obtained by changing
the three independent parameters. The modeling data follows
a similar range of parameters, however, due to the ease and
speed of modeling, many more experiments are simulated that
allow us to create better-refined phase maps.

1. Cavitation Number

As mentioned in Section I, previous work in the litera-
ture has attempted to link cavitation with acceleration using
rigid column theory8,9. This is done through the cavitation
number given in Eq. 3, linking acceleration, column height,
fluid density, and a reference static pressure to the onset of
cavitation. In some simple experiments and water hammer
cases, the magnitude of the pressure pulse may be predicted

by ∆p = ρℓ ah, and a simple reflection off of a free surface
may lead to tension in the fluid. In such cases, the cavita-
tion number can predict cavitation satisfactorily. However,
as seen in Section V A, our experiment is subjected to more
complex dynamics and wave reflection mechanisms that are
key to whether tension (and therefore cavitation) may occur
in the liquid.

Figure 11 shows a phase map of our experimental results
where the x-axis is the denominator of Eq. 3 and the y-axis
is its numerator. The acceleration and reference pressures are
taken at the moment of turnaround in each experiment. The
line of Ca = 1 is the theoretical limit below which cavitation
is expected to occur. However, we see that this formulation
of cavitation number is unable to predict the onset of cavita-
tion for our experiments. This motivates the need for a new
modeling tool that may correctly predict cavitation in a liquid
column for more complex dynamics.

2. Cavitation Prediction

As mentioned in Section I, tension in a liquid is a neces-
sary but not sufficient condition for cavitation to occur. The
modeling tool presented in Section II B can predict tension in
the liquid, but to use the model as a predictive tool for cavi-
tation, a value of tension must be defined where we will con-
sider pressures below a given threshold to represent cavitation
prediction by the model. The determination of the exact neg-
ative pressure threshold below which the liquid column will
cavitate can yield largely different results18 and is beyond the
scope of this paper. However, our experimental results indi-
cate that the cavitation we observe is likely heterogeneous nu-
cleation, and therefore the magnitude of the negative pressure
needed for cavitation is expected to be relatively low. To show
that the model threshold can be adapted to any required value
of negative pressure, we will show results for two thresholds:
0 bar and −1 bar.

Figure 12 reports the experimental and modeling results
obtained for a range of experimental parameters. Blue dia-
mond markers indicate experiments where cavitation was not
observed, and red circles indicate experiments where cavita-
tion was observed, with the size of the circle increasing with
increasing bubble cluster size relative to the test section height
(Lmax/h). The shaded blue and red regions correspond to re-
gions in which the model predicts no cavitation and cavita-
tion, respectively. The model’s predicted cavitation boundary
for the two thresholds of 0 bar and −1 bar (solid and dashed
black lines, respectively) are also shown.

We can see from these results that the threshold of cavita-
tion is highly sensitive to the initial test section pressure pt,0–
cavitation occurs only for experiments where this is lowered
significantly below atmospheric pressure. This is related to
the observation made in Section III B that a lower initial pres-
sure in the gas volume will result in a more abrupt turnaround,
leading to a larger pressure pulse and therefore greater likeli-
hood of cavitation. We also find that the threshold of cav-
itation is sensitive to both an increase in test section height
and driving pressure. An increase in driving pressure leads
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FIG. 12. Phase maps showing modeling and experimental cavitation results. Plots a) and b) show the variation h and pt,0 as the driving pressure
pr,0 is kept constant at 690 kPa and 1380 kPa, respectively. Plots c) and d) show the variation of pr,0 and pt,0 as h is kept constant at 125 mm
and 175 mm, respectively. The size of red markers indicates the size of the bubble cluster relative to the column height (Lmax/h).

to higher peak velocities and accelerations, thus leading to a
stronger compression and pressure pulse and a higher likeli-
hood of cavitation. An increase in liquid column height will
also increase the magnitude of the pressure pulse due to the
added momentum of the column when it abruptly stops and
turns around.

We find that the model boundaries of cavitation for both
pressure thresholds (0 bar and -1 bar) fall close to what is seen
experimentally. However, the model tends to slightly over-
predict cavitation onset, particularly for experimental condi-
tions of higher pt,0 and h (Figs. 12b and 12d). These ex-
periments operate in a regime where higher accelerations are
reached, leading to a more abrupt turnaround. For these condi-
tions of high accelerations and velocities, energy losses in the
system affect the dynamics of the piston. These losses, likely
due to friction and heat transfer effects, are not captured by the
model. This therefore explains the discrepancy between mod-
eling and experimental cavitation that is observed inf Fig. 12.
A more complete modeling approach for the piston motion
would more accurately predict the boundary defining the on-
set of cavitation.

Although the phase maps shown in Fig. 12 are useful for
our experimental setup, the parameters of pt,0 and pr,0 do not
have physical significance outside the context of this experi-
ment. The physical behavior can better be quantified using pa-
rameters relating to the velocities and pressures measured for
each experiment. We found that the peak velocity (vpiston,max)
and peak pressure (pt,max) reached in a given experiment is a
good way to parametrize the experiments. Figure 13a shows

a phase map of all the simulated experiments based on these
two parameters, and Fig. 13b shows experimental results on
the same axes. Red circular markers indicate cavitation, blue
diamond markers indicate no cavitation and full markers show
experimental results whereas open markers show modeling re-
sults.

Both sets of experimental and modeling results occupy a
similar region of the phase space. However, the many mod-
eling results allow us to have wider and better-resolved areas
of the phase space. The area of the phase space where mod-
eling results mostly show cavitation has been shaded in red
and the region where it sees no cavitation is shaded in blue.
We see that peak pressure and velocity define a boundary be-
tween experiments that cavitate and experiments that do not,
and that the model and experiments are in good agreement.
Some outliers can be seen and there is a slight overlap at the
boundary between the two regions, but overall this confirms
that the modeling tool can accurately predict the onset of cav-
itation in our experimental setup.

Figure 13 allows us to see that experiments where a higher
peak pressure is reached (corresponding to a more abrupt
turnaround) are more likely to cavitate. This is in agree-
ment with the observations of Sec. V A which identified a
link between the strength of the pressure pulse generated at
turnaround and the onset and strength of cavitation. These ef-
fects are accurately modeled by our modeling tool, thus mak-
ing it a useful tool for cavitation prediction in impulsively ac-
celerated liquid columns.
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FIG. 13. (a) Cavitation onset predicted by the model. (b) Cavitation onset seen experimentally. Both (a) and (b) show all experiments and
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VI. CONCLUSION

We have presented a new experimental apparatus for cavi-
tation in an impulsively accelerated liquid column and devel-
oped a modeling tool that allows us to simulate the experiment
and predict the onset of cavitation. The experiments presented
used water columns between 100–200 mm accelerated at up to
90 000 m/s2, reaching pressures in the liquid of up to 6 MPa.

The experimental measurements using high-speed imagery
and piezoelectric pressure transducers revealed that cavitation
onset occurs within about 1 ms after the column comes to a
stop and reaches peak pressure and acceleration. The com-
pression and ensuing pressure drop in the column can lead to
negative pressures in the liquid that are responsible for the on-
set of cavitation. Pressure measurements and images revealed
that cavitation may occur away from the top and bottom sur-
faces of the liquid due to reflection of compression and rar-
efaction waves in the liquid column. The cavitation was ob-
served to occur in the form of a dense bubble cluster, in which
growing bubbles tend to merge and collapse as a single bub-
ble. It was also observed that the collapse of the bubble cluster
generated a strong pressure increase emanating from the point
of collapse, which can reflect off of free surfaces and induce
secondary cavitation onset in the liquid.

The modeling tool developed was used to reproduce exper-
iments in a way that replicated both the motion and the pres-
sure field within the liquid column. This pressure field and its
gradient illustrated the ability of the model to accurately pre-
dict the wave dynamics and to reproduce the mechanism by
which tension occurs in the liquid. The model was also run for
a large range of parameters to identify a boundary for regimes
of cavitation onset. The predicted boundary was compared to
the experimental results, and it was found that the model could

accurately predict the onset of cavitation and could therefore
reliably be used as a prediction tool for cavitation.

The modeling results showed that predicting the pressure
field in a liquid column can be done accurately with a spring-
mass approach. This could in principle be generalized to any
dynamical system in which a liquid column might be expected
to cavitate. The spring-mass model can readily be expressed
for a system with different dynamics (e.g., drop-weight or
tube-arrest experiment) and should be able to capture the wave
dynamics and the onset of tension. The accuracy of the cavita-
tion prediction is dependent on a reliable model for the motion
that the liquid column is subjected to. In the present study, the
modeling tool used to predict the motion of the liquid col-
umn was found to be slightly inaccurate at higher accelera-
tions. Future work will focus on modeling the dynamics of
the system more accurately to refine the cavitation prediction
boundary.

Since this study is the first to provide a simple modeling
tool to relate the dynamics of an impulsively accelerated liq-
uid column to its pressure field and tension in the column,
its focus has mainly been on accurately predicting the onset
of tension and potential cavitation. However, the model cur-
rently is not able to model the growth and collapse of bubble
clusters in the liquid and the ensuing pressure field. To re-
solve this shortcoming, the model could be coupled with a
Rayleigh-Plesset-type model that could accurately predict the
growth and collapse of cavitation bubbles in the liquid column
given the pressure field.
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(support). Jovan Nedić: Conceptualization (equal); Project
Administration (equal); Supervision (equal); Writing – orig-
inal draft (support); Writing – Review & Editing (support).
Andrew J. Higgins: Conceptualization (equal); Project Ad-
ministration (equal); Supervision (equal); Writing – original
draft (support); Writing – Review & Editing (support).

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Appendix A: Model Convergence

As mentioned above, the model treats the water as a sys-
tem of discrete point masses connected by springs. We can
increase the spatial resolution by increasing the number of
masses in the liquid column, however, every additional mass
adds two equations to our ODE system and therefore increases
computing time. Figure 14 shows a convergence plot of the
maximum pressure in the test section (pt,max) for a given ex-
periment as the model is refined from n = 3 to 100, with con-
vergence occurring for n = 10. We will use n = 10 to run
the large phase maps shown below because the low comput-
ing time allows us to simulate more experiments and produce
better-resolved phase maps. However, to provide better spa-
tial resolution, the results for individual modelled experiments
shown in the paper use n = 50.

Appendix B: Additional Experiments

Figure 15 shows images of typical experiments where cav-
itation occurs for different water column heights (Multimedia
available online).
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FIG. 14. Convergence plot of modeling results showing the value of
pt,max for mass numbers from n = 3 to 100.
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FIG. 15. Images of cavitation onset for typical experiments at
different heights (Multimedia available online). The experimen-
tal conditions are: (left) h = 125 mm, pt,max = 4.0 MPa, and
vp,max = 10.1 m/s, (middle) h = 175 mm, pt,max = 3.7 MPa, and
vp,max = 8.89 m/s, (right) h = 200 mm, pt,max = 4.0 MPa, and
vp,max = 10.4 m/s.
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