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Abstract: Hydrodynamic cavitation experiments in microfluidic systems have been performed with an aqueous solution of luminol as the working
fluid. In order to identify where and how much reactive radical species are formed by the violent bubble collapse, the resulting chemiluminescent
oxidation reaction of luminol was scrutinized downstream of a constriction in the microchannel. An original method was developed in order to
map the intensity of chemiluminescence emitted from the micro-flow, allowing us to localize the region where radicals are produced. Time
averaged void fraction measurements performed by laser induced fluorescence experiments were also used to determine the cavitation cloud
position. The combination of void fraction and chemiluminescence measurements demonstrated that the maximum chemiluminescent intensity
area was found just downstream of the cavitation clouds. Furthermore, the radical yield can be obtained with our single photon counting
technique. The maximum radical production rates of 1.2*107 OH/s and radical production per processed liquid volume of 2.15*10%° HO*/I were
observed. The proposed technique could be a quick, non-intrusive way to optimise hydrodynamic cavitation reactor design and operating
parameters, leading to enhancements in wastewater treatments and other process intensifications.

Introduction

The appearance of the vapor phase due to a pressure decrease in
the liquid is referred to as cavitation. In practise, vapor bubbles can
be induced by acoustic excitation (20kHz-1MHz) in a process called
ultrasonic or acoustic cavitation (AC), where the rarefactions in the
soundwaves act as low-pressure regions. Alternatively,
hydrodynamic cavitation (HC) can occur due to Bernoulli’s
principle, where the pressure decrease originates from the fluid
acceleration through a constriction. For both cases, the dynamics
of vapor bubbles, primarily the violent bubble collapse upon
pressure recovery, is associated with unwanted as well as beneficial
physical phenomena. As the interface shrinks in the rapidly
imploding bubble, a compression of the uncondensed content
allows these bubbles to be used as high temperature/pressure
reactors, producing exotic and/or active species, such as radicals
[1]. These chemical effects are well established with acoustically
driven cavitation, opening a separate field in chemistry called
sonochemistry. In aqueous solutions, the periodic bubble motion is
known to produce radical species (primarily, but not limited to,
hydroxyl radicals) by homolytic splitting of water vapor [2]. The
produced radicals can recombine to form secondary reactive
species [3], fuelling various chemical reactions, which are thought
to be crucial for waste-water treatment and advance oxidising
processes [4,5]. Concerning HC, due to the multitude of parameters
governing the process of cavitation, it is known to be a notoriously
complex topic to study [6], often leading to unreproducible or even
conflicting results between studies. These parameters are physical
and chemical properties of the fluid (vapor pressure, tensile
strength of the pure liquid, surface tension, viscosity, density,
dissolved gas content, chemical impurities) [7,8]. Nucleation
parameters such as uncondensed gas pockets and/or solid nuclei
type are also involved [9]. Furthermore, some parameters from AC,
such as frequency, cannot be directly applicable to HC. Some

authors suggest that residence time of the fluid in the low pressure
region as a means of comparison [10]. Due to the rapid oscillations
in the acoustic field it is generally accepted that AC produces
smaller, yet rapid and periodic bubble oscillations, while HC is
expected to produce larger bubbles at longer timescales.
Moreover, it has been suggested that HC could be even more
energy efficient than AC, especially for scale up to industrial
processes, where large volumes of liquids have to be processed
[10,11]. On the same note, a limited number of publication on the
topic of HC induced chemistry has been outlined more than two
decades ago, by Suslick et al. [12]. Since then, several publications
on the effect of reactor geometry and multiple orifice design have
been studied [11,13—-15]. Hydroxyl formation has been indirectly
observed in low pressure HC devices, with constriction velocities
below 30m/s [16,17]. Nano-emulsions and dispersed product
generation has also been studied and seems to be aided by HC [18—
22]. A typical HC experiment consists of a loop with the HC reactor
and a reservoir refilled with a centrifugal pump. In such installations
it is possible to have additional cavitation occurring in the pump; to
our knowledge only one group has taken into account this effect
[23,24]. Numerous different approaches have been used to probe
the chemical activity in HC, usually by measuring the radical yield
of the process. The analysis of chemical products often involves the
increase or the degradation of certain chemical species known to
be affected by the presence of radicals [25,26]. Triiodide formation
otherwise known as the Weissler reaction has been a popular
method [13], but has come into question for measuring the
efficiency of HC, as the tri iodide complex was shown to be
consumed even without the presence of cavitation [27]. The
degradation of p-nitrophenol [28], Rhodamine B [26], BTEX
(benzene, toluene, ethylbenzene, xylene) [23], were all studied, as
well as the transformation of benzene into phenol [16] and
terephtalic acid dosimetry [7]. The latter as well as the salicylic acid
dosimetry [10,25] use specific scavengers of OH® to estimate the



hydroxyl radical production by spectroscopic analysis of the
products. However, most techniques require fluid extraction to
quantify the radical production rate, which can be intrusive and
time consuming. For this reason luminol has often been used, as it
is well known for its chemiluminescent (CL) reaction when oxidised.
In AC it is used to show radical rich regions in reactors, i.e. the
bubble collapse regions [3,8,29-32]. However, it is only recently
that the generation of hydroxyl radicals in high pressure
homogenizers has been investigated [19]. The benefit of luminol CL
is that the emitted photon can be used to quantify the number of
oxidation reaction and therefore the number of radicals reacting.
This approach was used in [33], at different channel geometries and
driving pressures, allowing the quantification of the global radical
production in the microfluidic devices. Generally, experiments
considering cavitation at the microscale are limited, although they
present some advantages over experiments performed with
macroscale flows, especially for fundamental research. Foremost,
HC ‘on a chip’ allows easier control over some parameters in the
experimental setup, as well as making possible the use of low
quantities of specialised liquids [34,35]. To prevent clogging, the
geometries of the microchannels often require filtration of the
working liquid. Combined with the smoother channel walls
produced by the etching process, the system contains fewer and
also smaller nuclei, leading to higher tensile strength of the liquid
and to a metastable system [36]. Also, faster bubble dynamics with
shorter lifetimes are expected, compared to macroscopic systems.
Finally, the microfluidic channels can often ease the
implementation of optical probing methods. In spite of these
advantages, the research field on the topic of cavitation in
microchannels involves only a few groups [33-61].

In this article, we build on the global radical quantization method
developed by Podbevsek et al. [33], towards the mapping of the CL
activity. By using a simple optical setup and a point by point
scanning technique, we have been able to obtain 2D maps of CL
activity in the channel, that is correlated to radical production from
vapor bubble collapse. In this way it is possible to localise the
radical production areas in the micro-cavitating flow.

Experimental setup

Microfluidic _setup: The channel design used was a micro-
diaphragm (MD) type constriction, which promotes the formation
of cavitation and has been studied in previous publications
[33,35,36,38,50]. Typically, channel design follows a common
shape; a milli channel of uniform height H and width W of about
0.5mm containing a thin wall (20-100 pm) micro constriction in the
middle. The geometrical dimensions of the two microchannels
under investigation are listed in Table 1. The long (MD-A) and short
(MD-B) diaphragm design differ mainly in the run off length of the
milli channels upstream and downstream of the diaphragm and its
dimensions, but not in constriction design or production method.
The fabrication of the microfluidic channels is based on MEMS
techniques and described in detail in previous publications [36,48].
For a non-transparent Pyrex-Si channel, using a lithography
process, the desired channel design is transferred onto a 400um
thick silicon wafer with S1818 photoresist and a UV irradiation of
~30mJ/cm? Then the silicon substrate is etched by the so-called
Bosch process (deep reactive ion etching), which allows highly
anisotropic microstructures with low scalloping rates, forming
nearly vertical side walls. The final step is the anodic bonding of a
Pyrex glass sheet to the top side of the channel, with pre-drilled

inlet and outlet holes. A sufficient diameter is chosen for the
inlet/outlet holes to avoid cavitation in this part of the channel.
Metallic tubes with a Viton O-ring are clamped on top of the
inlet/outlet holes by the channel holder assembly in order to
connect it to the fluid recirculation system. A nitrogen gas bottle
and a pressure regulating valve was used to set the driving pressure
in the system. An 8L pressure tank with a flexible butyl rubber
membrane containing the working liquid allows for the pressure to
be exerted on the liquid while preventing liquid/gas contact. Before
entering the microchannel the liquid is filtered with a combination
of a glass microfibre 2,7um and a 10um nylon mesh filters. This
prevents clogging of the MD while also removing particles that can
act as cavitation nuclei; consequently, the liquid in our system
exhibits metastable behaviour [36] and a flow hysteresis. The
relationship between the total pressure drop AP = Pin — Pour and the
flowrate Q is mainly monitored by the micro diaphragm
constriction (investigated in the preceding study [36]), and obeys :
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where p is the fluid density, w the width of the diaphragm at the
constriction, H the height of the channel. The discharge coefficient
(Ca) remains constant at high Reynolds numbers, as long as the
length of the constriction is short compared to its diameter [33].
The experimental AP(Q) relationship has been measured for each
microchannel in order to compare it to theory. As expected, a
stabilisation of Cs near 0.75-0.78 is observed for Reynolds numbers
above 1000. The Reynolds number is defined as:

=PuoDh
T
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where u is the dynamic viscosity of the fluid uo is the average
velocity of the fluid and Ds the hydraulic diameter at the
constriction. Above the cavitation threshold pressure, a shear type
cavitation appears in the channel. While increasing the flow rate, a
cavitation pocket starts forming on one side of the emerging jet
downstream the constriction, curving the jet towards one of the
channel side walls. As the flowrates increases, a second but less
intense vapor cloud formation appears on the other side of the jet.
At very high flowrates (that case was not treated in this study), the
two vapor pockets become symmetric along the central liquid jet
[50]. To characterise cavitation intensity in our microchannels, we
can use the cavitation number o:

o= Z(Paut_Pvap) ~ 2Pout ~ Paut

pu? pu?  CZAP ®
Channel | we [ w L (Li/Lo) H
MD-A 101 | 58 500 15000/25000 | 164
MD-B 54 94 500 1500/1500 150
Channel | Dy Ca[-] | APcav[bar] | Qeav[pl/s] Ocav [-]
MD-A 125 | 0.753 | 3.2 317.2 0.536
MD-B 79 0.782 | 5.8 216.2 0.276

Table 1 - Microchannel geometry dimensions in um: w. —
constriction width, I — constriction length, W — inlet/outlet
channel width, Li/L, — inlet/outlet channel length, H — channel
height, D» — hydraulic diameter. The flow parameters Cq —
discharge coefficient, APcay, Qcav and ooy — the calculated pressure,
flow and cavitation number at cavitation inception [36].



A detailed analysis on the cavitation number can be found in
dedicated publications on hydrodynamic cavitation [36,37]. The
cavitation number o corresponds to the ratio between the static
pressure decrease required to enable cavitation and the pressure
decrease generated by the flow. Equation (3) can be simplified
because in our experiment, the vapor pressure is significantly lower
than Pout. The subscript v indicates the critical value of a parameter
above or below which cavitation occurs (Pcay, Qcav, Ocav). As the
absolute value of o is only related to 1/AP, it will be more
convenient to calculate the ratio ow/o, when comparing the
behaviour of different channels. For a microdiaphragm, it has been
calculated that ocav = 2w/CqW [36].

Liquid preparation: Ultrapure 18.2MQ (0.2um) water was used as
the working liquid, prepared by a Barnstead Smart2Pure water
purification system from Thermo Scientificc. A 1mM aqueous
solution of luminol was prepared by dissolving 177 mg of luminol
powder (3-aminophthalhydrazide 97% from Sigma-Aldrich) in 15ml
of 3.75mM NaOH solution and then diluted to make 1L of solution
with a pH of around 11.7. The pH can shift toward acidic values
during operations, so it should be monitored in order to remain
above 11. The hydrodynamic properties (such as viscosity) of the
solution was shown not to differ significantly from ultrapure water
properties, as was also indicated by the fact that the metastable
behaviour is still present. Compared to the expected radical yields,
using such concentrations puts the reactive luminol molecules in
excess, providing ample supply for the reactions with the short-
lived radicals. Dissolved gas concentration in the liquid was not
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Figure 1 - optical part of the experimental setup. On the right the
setup for coordinate plotting in the channel and on the left the
simple acquisition setup with a photomultiplier tube (PMT). The
individual elements marked in the figure: a) 473nm laser light
source, b) optical fiber, c) collimation optics, d) beamsplitter
mount, e) long working distance (LWD) objective, f) CMOS
camera, g) microchannel sample with x,y,z motion control, h)
photomultiplier.
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controlled during the experiment. Liquid temperature was stable at
room temperature throughout the experiment.

Optical setup: The light emission from the CL reaction, produced as
luminol undergoes an oxidative reaction by the free radicals, was
acquired by a simple optical setup, involving a photomultiplier tube
(PMT) and a long working distance (LWD) objective (Figure 1). A 20x
NA 0.6 LWD objective from OPTEM was used to capture 9.99% of
the light emitted from the channel. Compared to the global
acquisition technique used in previous study [33], where the PMT
was simply placed, without optics as close as possible to the
diaphragm opening, the current technique has a higher solid
collection angle, but has losses in transmission, corresponding to
roughly 50% for the luminol emission range (425nm peak). Also,
this technique allows for simple mapping to be performed, by
moving the microchannels and recording the photon yield in each
point of interest. Prior to the mapping, channel coordinates have
to be acquired. For this purpose, a setup with an optical fibre was
used, which has at one end a 473nm laser injected into the fibre
and on the other optics recollimating the beam and directing it
through a beam splitter to the objective (right side in Figure 1 —
Alignment). The beam was then focused and reflected from the
polished silicon surface of the studied microchannel, back to the
objective and on to a MotiCam 1SP CMOS camera, which allows us
to record the position of the channel walls. During the experiment,
the laser injection module and the beam splitter are removed and
replaced by a PMT R9789 from EMI with a 1250V driving voltage
(Figure 1 - Acquisition). The quantum efficiency of the PMT is ~15%
for the emission range of luminol chemiluminescence (peak at
425nm) [33]. Pulses created by the detector are amplified by an
ORTEC VT120C fast preamplifier and the resulting signal is directed
to an ORTEC 935Quad CFD discriminator. A counter on the NI USB-
6343 DAQ was used to acquire the photon flux. As the detection
device is sensitive to single photons, light tight conditions had to be
assured around the channel. Light emission only occurs when
cavitation is present in the flow. The movement of the sample
assembly in the planar direction is assured by Z825B motorized
actuators from Thorlabs. The height of the channel was set by a
mechanical positioning platform and was always fixed to the
middle of the channel height, as it was found to yield the highest
signal strength. Luminescence from pure water in cavitating flow
was not observed in our experiments [33].

Radical yield: The principle behind the radical yield quantization is
based on the fact that a single emitted photon from the channel
will be a consequence of a single non-specific free radical oxidising
the luminol molecule. We can convert the recorded yield to the
radical production of the channel, with appropriate correction
factors. The first of these is the correction for the optical acquisition
system. As the photon yield in the microchannels is very low, a
compromise had to be made. The spatial filters defining the
acquisition voxel of an optical system, had to be removed in order
to substantially increase the incoming light. This allowed us to
detect the weak signal emitted from the micro-cavitating flow,
while sacrificing the resolving power of the optical system, leading
to anomalies, like observing some signal outside the bounds of the
microfluidic channel. The resolution of the optical system can be
described by a 2D Gaussian of £=261um. The probability to detect
a photon emitted from a position (0,0) with the detector positioned
at a position (x,y) is then given by I :;e_l/z(xzzgyz). The
(2mx?)
number of photons emitted per second by the whole channel is




given then by the total number of photons detected over the map
multiplied by the prefactor 1/(2mX?) and divided by the
acquisition density (number of points acquired per scanned area).
Furthermore, the radical yield is obtained by dividing the photon
yield with other compensation factors; 0.15 for the PMT efficiency,
0.099 and 0.5 for the optical acquisition and transmission of the
objective and lastly 0.0124 for the luminol chemiluminescence
yield [62]. Furthermore, the radical yield per treated volume can be
obtained by dividing with the volumetric flow.

Void Fraction: For similar flow conditions, shadowgraph images
have been acquired using the identical installation as described in
[50]. A MiroM310 Phantom camera (150us exposure time) was
mounted on an Olympus SZX binocular (X90) with a high power led
light KOMIi Cyclopl. The background removal was performed as
well as an average on 10 000 uncorrelated images (1000 fps) to get
a picture corresponding to the shadow of the bubble clouds
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present in the microchannel. Furthermore, a void fraction mapping
technique was used to locate and quantify the cavitation clouds,
appearing just downstream of the constriction. For these
experiments a LIF (laser induced fluorescence) method was
developed, based on a confocal microscope setup and performed
on ultrapure water seeded with luminescent nanoprobes,
described in a previous publication [35]. The void fraction
measurements are estimated from the luminescence intensity
averaged over the acquisition time at a given position. As reported
by [35], due to the fact that the vapor/gas phase does not contain
any light emitting species, the drop of the recorded light intensity
in a voxel is correlated to the void fraction averaged over the
acquisition time. The fluorescence intensity measurements in the
channel have been acquired point by point every 50um in the X
direction and 20um in the Y direction (flow direction), producing a
void fraction map of the region downstream of the constriction.
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Figure 2 — The contour plot of the chemiluminescence intensity in the MD-A as a function of AP (4 bar plot omitted for clarity). Flow direction
is from bottom to top, with the black lines represent the channel walls. The measurement points were acquired every 100um in the x and
200um in the y coordinate, and the photon yield averaged over 3s. The cumulative CL yield with subtracted background signal values for each

driving pressure is tabled in the lower right corner.
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Figure 3 - a) The overlap of the void fraction mapping and the maximum CL activity position (black circle) of the 2d gaussian data fit for MD-
A. b) shadowgraphy average image (black indicating high void fraction regions) of the flow in microchannels (average cloud cover) overlapped
with the contour maps of the CL activity in MD-A. The bubble collapse region, indicated by the maximum CL activity, is observed at the end of

the main cavitation cloud. Flow is from left to right.

Results and discussion

One of the main shortfalls with the previously developed method
[33] was the inability to locate the origin of the light emission.
Therefore, there was a possibility that some of the
chemiluminescent reactions were taking place much further
downstream, outside the measurement area provided by the
optical device. Hydroxyl radical has a reported half-life running
from ns [63] to us [64,65], depending on the nature of the reaction
involved and on the concentration of the reactants. Also, when
considering the channels size (Table 1) and the maximum flow at
the constriction (15-35 um/us ), the CL activity is expected to be
within the confines of the microchannel. In hydrodynamic
cavitation ‘on a chip’, high speed camera imaging [38] has

demonstrated that what appears to be a steady state vapour cloud
is in fact a succession of bursting vapour bubbles. However,
knowing where they collapse is difficult to localize. For this reason,
we used an optical scanning technique presented above to make
point by point measurements of the CL activity in the area just
downstream of the diaphragm, where the cavitation cloud is
present. Results are presented in Figure 2, where the CL activity
contour maps are shown for different driving pressures applied to
the device MD-A. The acquisition of each point was averaged over
3s, with a 100um step between the measured points along the X-
axis and 200um step along the Y-axis (direction of the flow). The
scanned area was 1.8mm along the X axis, against 3mm along the
Y axis. To increase the sensitivity of the inherently weak CL signal
emitted, the spatial filtering components, which are usually



present in such setups, have been removed. As explained above,
this makes the acquisition volume of our microscope non-confined,
leading to a not well-defined spatial resolution, as is evident on the
CL maps in Figure 2, where the CL activity is recorded even when
the focal point is located outside the channel bounds (black lines).
The spatial repartition of the void fraction in the MD-A device is
displayed in Figure 3a, for different cavitating flow regimes. The
location of the maximum CL activity, that has been recorded in
Figure 2, has been reported on each picture in the form of a black
circle. The peak of the CL activity is always located at the end of the
main vapour cloud, indicating that the majority of the vapor
bubbles are likely to collapse in this area. Similar findings are
presented in Figure 3b, where the shadowgraphy images of the
flow averaged over 10000 frames are presented, showing the time
averaged vapor cloud distribution. Here once more, the overlap of
shadowgraphy pictures and of CL maps demonstrates that the
highest activity on the CL map is located just downstream of high
void fraction regions. The emerging jet downstream the
microdiaphragm has the tendency to curve towards a preferential
side in the channel and usually remains on that side until the flow
is turned off. As a matter of fact, low pressure vortices trapped
between the jet and the wall initiate the cavitation pocket (Figure
3 at 6 bar). By increasing the flow velocity, the recirculating area on
the opposite side of the channel becomes increasingly important,
until a second vapor pocket arises (Figure 3 at 8 bar); then, the
emerging flow is balanced by two gaseous pockets at the same
saturation pressure, and is straightened (Figure 3 at 10 bar). Our
experimental results display an obvious correlation between the
direction of the emerging flow, the size of the vapour cloud and the
maximum chemiluminescent activity area. Considering the fast
reaction kinetics of the hydroxyl radical it is unlikely that the
observed CL activity is taking place in a recirculating vortex. It was
not possible to monitor the flow at pressure above 10 bar, due to
the limitations of the liquid line of our experiment, but visual
observations have shown the cavitation clouds are gradually
moving towards super-cavitation pockets that levels out on both
sides of the central liquid jet. The transition to the former flow
regime seems to be less obvious with the shorter length channel
MD-B, asis seen in Figure 4. A simple 2D gaussian fit of the recorded
maps was used to plot the maxima of the CL activity moving inward
to the channel centre with increasing pressure, as before but at a
lesser rate. This might be due to the channel design, which exhibits
a lower ocy value to that of channel MD-A. However, the distance
of this peak from the diaphragm opening increases linearly, as does
the distance to the cavitation cloud end (Figure 5), with increasing
driving pressure for both channels. The linear increase of the
velocity at the constriction causes a corresponding cloud
expansion. For practical reasons the cavitation cloud length
(measured by LIF), is defined by the measured points with the void
fraction above 0.3 and the stronger, inner cloud of the two
cavitating clouds was considered. From Figure 5, the average
lifetimes of the bubbles incepted at the constriction can be
approximated. Assuming the bubbles translation velocity is equal
to the velocity of the jet at the constriction and they travel over the
cavitation cloud length, we get bubble lifetimes (20-27 us)
reminiscent of a half-period (rarefaction) in a typical low frequency
AC (20 kHz), as opposed to millisecond times in HC at macroscale
[10]. However, even if the physics of the bubbles collapses in HC
and AC is similar, the pressure variation seen by bubbles is much
more complicated, since it depends on both bubbles trajectories
and pressure fields imposed by the flow. This can lead to much

faster collapse times, as the pressure variations are not sinusoidal
as in AC, leading to higher effective equivalent frequencies. The
distance between the cloud end and the maximum CL activity are
consistent with radical lifetimes in the ps range, indicating that the
majority of the produced radicals are highly reactive and therefore
hydroxyl radicals (HO®) and not the subsequent recombination
products [3]. With the correction factors mentioned previously
(experimental setup — radical yield), an approximation of the actual
radical production can be made. At 10 bar driving pressure for MD-
A, the cumulative rate of 1110 photons/s corresponds to 1.25*107
HO*/s. For MD-B, this rate is much lower at 1.55*10° HO®/s, yet in
the same range as prior observations with the global acquisition
technique (2.15*10° HO*/s) [33] at 10 bar driving pressure for the
same channel. For both channels, the radical yield for both
channels increases at a steady linear rate with regards to driving
pressure, as can be seen in Figure 6a. For the device MD-A at 10
bar, the gradually emerging second symmetric vapour pocket is
accompanied by an almost twofold increase of the radical yield.
However, the liquid line on the experiment does not allow us to
perform experiments for pressure above 10 bar, which would shed
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Figure 5 - The intensity and position of the maximum CL activity
downstream the constriction as a function of increasing pressure
in MD-B. A rudimentary 2D gaussian plot of the acquired data
points was performed to approximate the highest intensity and
position of the CL emission area. Flow is the y-axis.
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light on the evolution of the double stream regime. The two
different rates for MD-A and MD-B are probably caused by the
vastly different geometrical conditions (Figure 6a), while the insert
in the figure shows the evolution of the radical production with the
Ocav/0 parameter. The latter shows that at cavitation inception,
both channels had roughly the same production rate, which then
follow their respective rate as the driving pressure and the vapour
cloud increase. This indicates some inherent similarities between
the channels, which are further emphasized on Figure 6b, as the
geometrical differences between the channels seem to fade away
when observing the radical yield per processed volume at different
Q-Qcav values. Similarly, the radical production per treated liquid
volume, increases linearly when plotted as a function of hydraulic
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Figure 6 - Radical production figures for the MD-A (black) and -B
(red). a) Radical yield at different driving pressures and 6. /O
parameter values (in subplot), b) Radical yield per processed
volume as a function of the Q-Qc.y parameter (volume flow above
cavitation inception flow), c) Radical yield per processed volume
at different hydraulic power.

power (AP*Q), in Figure 6c. In the single pocket regime, the
respective slopes display similar values (for MD-A kmp-a=1.71*107
and the MD-B kmp-s=1.25*¥107 OH/ml/W). This is most-likely due to
the gradual expansion of the single pocket flow regime. This holds
throughout the MD-B pressure range and from 5 to 8 bar for the
MD-A, as it starts transitioning to the twin pocket regime at higher
pressures. The characteristics of the device MD-B and the
limitations of the experimental setup did not permit us to explore
the two-pocket supercavitating flow, which could confirm whether
it is a general trend of the microdiaphragm design. The maximum
radical production per litre of sample treated was 2.15*10%° HO*/I,
at approximately 0.56W hydraulic power (MD-A at 10 bar),
corresponding to 3.84*10'° HO*/(I*W). This is in accordance with
the previous findings [33]. Arrojo et al. [25] used a macroscopic
hydrodynamic reactor with salicylic acid dosimetry and a 2kw
pump and obtained values roughly one order of magnitude higher
(2.6*10'* HO*/(I*W)), while not considering the possible cavitation
events in the suction part of the driving pump. Other studies on the
subject found in ultrasonic cavitation the rate of 6.6 *10° HO®*/cycle
at 52kHz making it around 3.4*10° HO*/s [66], however different
bubble dynamics and lack of power input and processed volume
data make direct comparison difficult.

When considering HC, our results suggest that the size of the
vapour clouds, should be the key parameter related to CL activity.
Moreover, this technique goes beyond the localisation of radical
production. A single photon detected by the photon counting
technique, indicates a hydroxyl radical oxidising a molecule of
luminol, thus providing the number of reacting radicals. From a
more general point of view, this can give a realistic estimation of
the expected oxidation reactions from HC reactors, as the CL
reaction with the highly reactive radicals can also be considered a
model reaction between the produced radicals and organic matter
in water. Therefore, by monitoring the CL activity in the reactor, a
quick and simple technique for optimisation and fast prototyping
of HC reactors is possible. This can give a reasonable estimation of
the expected oxidation reactions for cavitation-based wastewater
treatment solutions and other advance oxidising processes.

Conclusions

A novel technique for determining the chemiluminescent active
region in hydrodynamic cavitation reactors, fed with a luminol
solution has been developed. Upgrading a previous global
technique, which provided only the total emitted photon numbers,
the new approach allows us to determine the collapse area in the
flow. The position where the maximum chemiluminescent activity
is recorded, indicates where hydroxyl radicals react with luminol.
Correlations with the void fraction data have proven that light
emission follows the cavitation clouds collapse. Furthermore,
radical quantification was possible, as the technique allows for
single photon detection. The current CL mapping technique can be
used for rapid prototyping of micro and could be scaled up to
macro hydrodynamic cavitation reactors. This would enable us to
optimise channel design or other flow parameters for radical
production. Microfluidic systems were found to have bubble
lifetimes in the range of a single half period (rarefaction) in a low
frequency ultrasound process. The technique demonstrates that
even weak emission from systems like hydrodynamic cavitation in
microchannels can be characterised and allow us to obtain its
radical yield. This makes it an important and easily implementable



tool for future work on waste-water treatment devices and other
advanced oxidation processes.
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