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Abstract

In Task 3.4, we focused on finalising the sample environment for the sample experiment to
validate the MHz-TOMOSCOPY technique. This has been achieved by carrying out both numerical
simulations and in-house experiments at the University of Oxford and experiments at the EUXFEL
using the SPB/SFX X-ray instrument. This document provides a concise summary of the studied
sample environments and the corresponding experimental and numerical results for designing a
suitable sample environment for MHz-TOMOSCOPY. It also reports the obtained results using the
MHz rate multiple projection X-ray microscopy technique developed in this project.

Executive Summary

In D3.4, we report on the sample environment and experiments to validate the MHz rate multiple
projection X-ray microscopy technique developed in WP1. This includes detailing the key
selection criteria, associated experiments, and the methodology used to evaluate these criteria.
In this deliverable, we also present the results obtained by utilising the technique, followed by
our forthcoming studies beyond this project.
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Introduction

In this project, we chose to visualise cavitation for validating the MHz rate multiple projection X-
ray microscopy (MHz-TOMOSCOPY) technique developed in WP1. This physical phenomenon
refers to the formation of vapour in a liquid when the fluid flow pressure drops below the
saturated pressure [1]. Cavitation involves a significant density gradient in the flow [2], making it
a suitable sample environment for the visualisation using X-ray imaging techniques, including the
MHz-TOMOSCOPY. Furthermore, despite extensive efforts to understand various aspects of
cavitation in the past, many of these aspects have not been precisely explored yet. This is mainly
because cavitation involves complex physical phenomena at the microscale level, which are not
accessible with conventional visualisation techniques, namely Shadowgraph and Schlieren [3].
Given the broad range of applications of cavitation in science and engineering, e.g. in
pharmaceutical [4], biomedical science [5, 6], water treatment [7, 8], and material science [9],
exploring cavitation using the novel MHz-TOMOSCOPY provides new insights to understand and
optimise cavitation devices to improve the cavitation based processes in the applications
mentioned above.

In Task 3.4, we focused on designing a sample environment and performing experiments on
it to both validate the MHz-TOMOSCOPY technique and explore the unknown features of
cavitation, providing a broad range of cavitation applications with a new wealth of knowledge.
To achieve this goal, we established specific criteria—outlined in this report—to effectively
leverage the unique capabilities of MHz-TOMOSCOPY. Using this well-structured approach, we
also identified and overcame challenges in applying the technique to visualise cavitation through
the combination of preliminary numerical simulations and in-house experiments at the University
of Oxford, as well as selected experiments using the SPB/SFX X-ray instrument at the EuXFEL. This
approach can also be extended to other future applications of MHz-TOMOSCOPY.

In this report, we briefly introduce our methodology, the criteria, the investigated sample
environments, and the obtained results on the most suitable sample environment for MHz-
TOMOSCOPY.

Methodology

The numerical simulations for designing the sample environment and experiments were
performed using the cost-efficient and advanced code developed in WP3. The details of these
codes were presented in D3.2. Furthermore, the experimental investigations were conducted
using a cavitation apparatus shown schematically in Fig. 1. The apparatus consisted of a hydraulic
loop and sample environments, coupled with the shadowgraph imaging technique at the
University of Oxford and the SPB/SFX X-ray instrument at the EuXFEL. In the hydraulic loop, a
pump was used to circulate water in the loop, and the flow pressure was measured using two
sets of pressure indicators and transmitters on the sides of the sample environment. The
uncertainty and repeatability of the pressure transmitters were less than +0.25% and +0.1% of
the 4-bar full-scale range, respectively. Moreover, a valve was used downstream of the sample
environment to adjust the back pressure. The water flow rate was measured using a turbine flow
transmitter with an accuracy of £2% and repeatability of £1% of the full-scale range. The fluid
temperature was measured using a type T thermocouple with an accuracy of £0.1 °C. A NI DAQ
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device integrated with LabVIEW software was used to acquire the pressure and flow rate
measurements and control the valve.
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Fig 1. Schematic of the experimental apparatus.

In this apparatus, the shadowgraph imaging technique uses a 120 W LED light source and a
high-speed Phantom camera (V7.3) equipped with a Nikon AF Micro lens with a focal length of
60 mm and 32 mm macro extension tubes. The samples were placed between the uniform light
source and the high-speed camera. The exposure time, the sampling frequency, and recording
time of the camera were set at 1 ps, 20 kHz, and 1 s, respectively. The field of view covered by
this technique was 15.36 x 7.68 mm?, with a pixel size of 30 um. The SPB/SFX X-ray instrument
at the EuXFEL utilises an indirect X-ray microscope with a fast camera to capture images at a MHz
repetition rate. This instrument provides X-ray pulses in burst mode with a burst length of 600 ps
and a repetition rate of 10 Hz. Each burst contains X-ray pulses at a MHz repetition rate. The MHz
camera was synchronised with the burst of X-rays to record 128 frames per burst at a frame rate
of 1.13 MHz. The field of view was 1.28 x 0.8 mm?, and the pixel size was 3.2 um. The X-ray beam
size was 1.5 mm within the sample environment with a photon energy of 10 keV. Further details
of the multi-projection method in the MHz-TOMOSCOPY prototype were presented in previous
deliverables, i.e., D1.4 and D1.5.

Sample environment criteria

We defined and evaluated a comprehensive set of criteria for designing a suitable sample
environment and experiments to validate the MHz-TOMOSCOPY technique, which are listed as
follows.

Beam transmission requirement

The EuXFEL provides an X-ray free-electron laser beam into the SPB/SFX X-ray instrument with a
typical photon energy of 10 keV and a maximum energy of 25 keV. This limits the amount and
type of material in front of the beam to properly visualise a physical phenomenon, particularly
when the beam is split in the MHz-TOMOSCOPY technique. Increasing the sample environment
size reduces the beam transmission through the sample, decreasing the signal-to-noise and
resulting image quality. Moreover, the transmission through some materials is very low, as
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illustrated in Fig. 2, which shows the beam transmission through 2 mm of material as a function
of photon energy. Figure 2 indicates that the transmission is significantly lower through glass
than through PMMA.
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Fig 2. Beam transmission through 2 mm glass and PMMA as a function of photon energy.

Considering the typical value of photon energy in the SPB/SFX X-ray instrument, i.e., 10 keV, a
proper visualisation requires at least 0.5 beam transmission. Given these details, it became
evident that the original demonstrator application, i.e., wet cavitation peening, would not be
well-matched to the capabilities of the technique prototype due to limited beam penetration
through both material and fluid, as well as the inability of the technique to capture shock wave
propagation in the fluid phase. Therefore, the focus of this work package was shifted toward
investigating cavitation. These analyses and the preliminary experiments at EUXFEL showed that
the sample environment should include less than 2 millimetres of solid material, preferably
PMMA (as illustrated in Fig. 2), and fluid to visualise cavitation.

Novelty requirement

Another important criterion considered in this work is the novelty of the research topic. Although
the primary objective of this project is to develop and validate an advanced 4D visualisation
technique, the sample environment and the experiment output should be scientifically relevant
and novel for engineering applications. To meet this requirement, we performed a
comprehensive literature review to identify knowledge gaps in various cavitation applications
that can be addressed with the MHz-TOMOSCOPY technique. These gaps are outlined below and
depicted in Fig. 3:

- Coherent motions in hydrodynamic cavitation
Hydrodynamic cavitation refers to the formation of vapour cavities in liquids when the local
liquid pressure drops below the saturated pressure due to the flow acceleration [1]. This
class of cavitation has been widely exploited to harness the energy generated during
cavitation bubbles across different processes [10-13]. Recent studies indicated that
coherent turbulent motions, including vortex and spiral structures, play a significant role in
enhancing the performance of processes [14-18]. Figure 3 (a) illustrates an example of such
coherent motions: water flows from left to right through a venturi tube, while upstream
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swirl generates coherent, spiral-shaped cavitating structures. However, there is still no
explicit explanation for such performance enhancements in hydrodynamic cavitation
applications.

Bubble-induced cavitation

Recent studies indicate that introducing gas bubbles into the liquid flow can promote
cavitation, enabling a well-controlled cavitation process [19, 20]. In this process, cavitation
is initiated at the gas bubble-liquid interface, accompanied by interface instabilities. This is
illustrated in Fig. 3 (b) for a slug venturi flow obtained by using shadowgraph imaging at the
University of Oxford. Moreover, previous studies have shown that the existence of gas
bubbles in liquid can expedite cavitation and reduce power consumption [20, 3]. However,
these bubbles reduce the energy release by cavitation collapse significantly [21, 22]. The
MHz-TOMOSCOPY technique is a unique method for visualising the multi-way interactions
between gas, vapour, and liquid phases, which have not been well-understood yet. These
details can inform modifications to this class of cavitation to enhance the energy harnessed
from cavitation bubble collapse.

Laser-induced cavitation

Another effective method to precisely control cavitation features is to generate cavitation
bubbles via laser discharges [2, 23]. Similar to bubble-induced cavitation, this process also
involves fast-forming features that are not accessible with conventional imaging techniques
[24]. We performed preliminary studies using the CFD solvers detailed in D3.2 to
characterise the spatiotemporal features of laser-induced cavitation, and a snapshot of the
obtained results is shown in Fig. 3 (c). In this figure, the maximum size of the bubble
generated by the laser discharge is shown by the black solid line, while the white line shows
the bubble shape at the onset of the collapse. The left part of the figure shows the spatial
distribution of the pressure normalised by the ambient pressure, and the spatial
distribution of the velocity field is shown on the right-hand side of the figure.
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Fig 3. Snapshots of (a) coherent motions in hydrodynamic cavitation obtained by using the
SPB/SFX X-ray instrument, (b) bubble-induced cavitation obtained by using shadowgraph

imaging at the University of Oxford, and (c) laser-induced cavitation from numerical
simulations.

Resolution requirement

One of the most crucial criteria in selecting the sample environment is matching the
spatiotemporal resolution of the MHz-TOMOSCOPY technique with the cavitation time and
length scales. As detailed in the “Methodology” section, the MHz-TOMOSCOPY technique
records 128 frames with a recording speed of 1.1 million frames per second, covering a duration
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of 116 us. Moreover, the field of view of this technique is 1.28 x 0.8 mm?. Employing the
numerical and experimental techniques detailed in the “Methodology” section, we estimated the
required recording duration and field of view to visualise cavitation in the potential sample
environments listed in the previous section. Figure 4 compares these requirements with the MHz-
TOMOSCOPY’s resolutions. The results show that visualising the coherent motions in
hydrodynamic cavitation requires a significantly large field of view and recording duration, which
are not achievable using the technique. Although the recording duration of the technique
matches that required to study bubble-induced cavitation, this sample environment demands a
large field of view to cover the evolution of the cavitating regions near a gas bubble. This is
because the gas bubble and the subsequent features are not spatially stationary in the flow.
However, the required field of view and recording duration for laser-induced cavitation are very
controllable and can be adjusted precisely by manipulating the laser energy and its spot size.
Numerical simulations show that the required spatiotemporal resolution for this sample perfectly
matches the technique resolution for sub-millimetre laser-induced bubbles.
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Fig. 4. Field of view and recording duration required to study cavitation in the selected
configuration compared to the MHz-TOMOSCOPY technique’s resolution.

Numerical simulation requirement

An additional requirement of the sample environment is that the cavitation features should be
reproducible using the CFD solvers developed in this project. Validations of these solvers,
introduced in D3.2, have shown that the developed numerical platforms can well predict
coherent motions in hydrodynamic cavitation and laser-induced cavitation. Nevertheless,
simulating the bubble-induced cavitation requires further model adjustments.

Designed sample environment

Considering the criteria presented in the previous section, we concluded that studying cavitation
in the laser-induced bubble configuration is both fundamentally interesting for the engineering
communities and feasible using the MHz-TOMOSCOPY technique. Based on these analyses and
considering the technique limitations, we designed a rectangular tube to study laser-seed
cavitation, with inner dimensions of 1.9 (width) x 1.9 (height) x 12 (length) mm?3. To minimise the
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shock wave reflections from the far-field boundary condition, we used a long tube with a length
of 12 mm connected to a 1 m tube. The dimensions of the tube cross-section satisfy the beam
transmission requirements detailed in the previous section, as the beam is transmitted through
the transverse section of the sample (perpendicular to the tube length). Moreover, the laser
pulse energy and focus position were adjusted to produce a sub-millimetre cavitation bubble,
thereby ensuring that the field of view and recording duration met the requirements illustrated
in Fig. 4. Figure 5 portrays the final configuration of the sample environment alongside the multi-
projection technique.

Fig 5. Schematic of the sample environment to validate the MHz-TOMSOCOPY technique.

Results

We used the designed sample environment and experiments to visualise laser-induced cavitation
using the MHz-TOMOSCOPY technique. This included over 50 experiments with different
cavitation bubble sizes adjusted by changing the laser specifications, aimed at evaluating the
effects of laser energy on the cavitation bubble features. Figure 6 illustrates an example of the
obtained multi-projection results, using HPVX2 #2 (220 reflection) and HPVX2 #4 (224 reflection)
projections shown in Fig. 5, for a cavitation bubble induced by the laser discharge. Here, HPVX2
#2 covers the jet-view, where the beam reflection and camera were aligned with the direction of
the microjet, and HPVX2 #4 covers the orthogonal-view with the reflection and camera aligned
perpendicular to the jet direction. To quantify the bubble evolution, we calculated the equivalent
radius of the spherical bubble in each image, and the results are presented in Fig. 7.

The results show that the laser discharge produces a tiny bubble, presumably containing high-
pressure and high-temperature vapour. The high-temperature and high-pressure vapour cause
the bubble expansion over time, until the bubble reaches its maximum size of 356 um att=20.4
us, at which the bubble’s internal pressure reaches the saturated pressure, i.e., 2488 Pa,
estimated from the NIST database. Following this, as the bubble internal pressure is significantly
smaller than the ambient liquid pressure, i.e. 0.1 MPa, the bubble shrinks in size over 20.4 < t <
40.8 ps until it collapses entirely at 40.8 ps. According to the numerical simulations performed
during the preliminary studies, a micro-jet forms at the onset of the collapse due to the retarding
effects of the wall near the bubble. This high-velocity jet pierces the bubble and reshapes the
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bubble into a toroidal-shaped structure, while the bubble expands again following the first
collapse, as shown in Fig. 6 (t = 50.5 ps). According to our simulations, the bubble rebounds (re-
expands) due to the low-pressure region generated by the spherical shock wave emitted from
the first collapse, which nucleates the bubble again. This bubble re-expands until the momentum
of the bubble and the ambient fluid are balanced, i.e., t =55 ps, followed by the bubble collapse
att > 55 ps.

t=088pus t=20378us t=38984pus t=50502pus t=60248pus t=67.336 ps

Fig 6. Snapshots of the bubble shape captured by HPVX2 #4 (orthogonal-view) and HPVX #2
(jet-view). The red lines indicate the position of one of the walls.
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Fig 7. Temporal evolution of the bubble radius. Here, Ryax and Rge are the maximum size of the
bubble during the expansion and rebound, respectively. Additionally, tex, tc, and tr. are the
expansion, collapse, and rebound time scales, respectively.

Conclusions and outlook

In Task 3.4, we defined a set of criteria to design a suitable sample environment and experiments
to validate the MHz-TOMSOCOPY technique, while addressing knowledge gaps in the literature
on cavitation. The selected criteria included beam transmission, novelty, resolution, and
numerical simulation requirements. We performed numerical and experimental (both in-house
experiments at the University of Oxford and experiments at the EUXFEL) to evaluate these criteria
in different sample environments. Using this approach, we identified laser-induced cavitation as
the most suitable sample environment for the technique, with numerous knowledge gaps in this
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field persisting within the fluid dynamics community. The selected sample environment includes
a rectangular tube with a small cross-section, ensuring sufficient beam transmission through the
sample for the visualisation. We also set the laser energy to produce a cavitation bubble with
spatiotemporal characteristics matching the technique’s resolutions. These investigations led to
new insights into laser-induced cavitation and coherent motions in hydrodynamic cavitation,
which were presented in [2] and [3].

Following these preliminary studies, we conducted experiments at EUXFEL using the MHz-
TOMOSCOPY technique and quantified the key features of the laser-induced cavitation bubble.
The forthcoming tasks beyond this project include reproducing the cavitation bubble features
with the numerical solvers developed in this project and comparing the results with the
reconstructed data from MHz-TOMOSCOPY. We expect at least an additional publication on this
topic by July 2026.
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