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Hydrodynamic cavitation take place in high-pressure homogenizer (HPH) valves. Cavitation wear, free radical
formation and ultrasonic emissions are linked to the cavitation intensity. Cavitation intensity is also a key factor
to understand any effect cavitation might have on particle breakup. Based on an approach used in previous
studies on other devices, this contribution applies and tests a modelling framework for predicting and under-
standing cavitation intensity in a HPH valve. Effects of homogenizing pressure and backpressure are studied.

Results show an increase in cavitation intensity with homogenizing pressure. The cavitation implosion induced
dissipation rate of energy in a HPH is substantially lower than the dissipation rate of turbulent kinetic energy,
which helps to explain previously reported empirical findings showing that cavitation does not break emulsion
drops in HPHs. This contribution shows the importance of distinguishing between extent and intensity when
discussing cavitation in HPH valves.

1. Introduction

As discussed in the introduction to the first part in this series (Riitten
and Hdkansson, 2025), hydrodynamic cavitation takes place in high-
pressure homogenizer (HPH) valves under industrially relevant condi-
tions. From an optimization perspective, it is important to understand
this phenomenon, not at least in view of that cavitation gives rise to
erosion wear (which is a major contribution to operating costs of ho-
mogenization) (Innings et al., 2011), and that extensive cavitation has
been observed to suppress or delay emulsion drop breakup in devices
designed to resemble HPH valves (Gothsch et al., 2015; Preiss et al.,
2021).

The first part of this series utilized a CFD method to predict how the
macroscopic flow is influenced by cavitation, where and how much
vapour accumulates in the valve, and at what operating conditions this
occur. These parameters describe the ‘extent’ of cavitation. However,
many of the questions that arise from an applied perspective (intending
to optimize design and operation) relate to cavitation ‘intensity’ rather
than extent.

Here, ‘intensity’, should be understood as a measure of how force-
fully the cavitation interacts with the surrounding fluids, particles, and
solid walls, and how the cavitation causes desired or undesired
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transformations (e.g., Dastane et al., 2019; Gogate et al., 2001; Pandit
et al., 2021; Pawar et al., 2017); see also discussion in Wu et al. (2020).

The previously reported experimental measures of cavitation in HPH
valves (Floury et al., 2004; Gogate et al., 2001; Hakansson et al., 2010;
Hékansson, 2025; Innings et al., 2011; Kurzhals, 1977; Lander et al.,
2000; Schlender et al., 2015; Shirgaonkar et al., 1998) are controlled by
cavitation intensity rather than by cavitation extent. For example,
cavitation wear is typically understood from implosion of shockwaves or
impingement of microjets on solid surfaces, or the acceleration of par-
ticles by microjets onto these solid surfaces (Gao et al., 2024; Sreedhar
et al., 2017). Thus, to understand cavitation wear, it is more important
to study the forcefulness of shockwaves, and velocities of microjets than
the size of the vapour filled regions (Li et al., 2024; Yang et al., 2025).

Other examples of experimental methods that has been used to
measure cavitation in HPH valves include free radical release and ul-
trasonic emissions (Floury et al., 2004; Hakansson et al., 2010; Kurzhals,
1977; Lander et al., 2000; Schlender et al., 2015; Shirgaonkar et al.,
1998). Both measures are related to the intensity at which collapse occur
rather than to how much vapour is accumulated in the device. Thus,
there is a need for moving the discussion on cavitation in HPH valves
from extent to intensity.

The precise definition of ‘cavitation intensity’ depends on the
application. For example, when cavitation is used to oxidize pollutants
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Nomenclature

Abbreviations

ANN Artificial neural network.

CFD Computational fluid dynamics.

DNS Direct numerical simulation.

HPH High-pressure homogenizer.

TKE Turbulent kinetic energy.

SymbolsLatin

f Fanning’s friction factor, —.

fr Turbulent fluctuation pressure frequency, Hz.
h Gap height, m.

Ieay Cavitation intensity, —.

k Turbulent kinetic energy, m? s ™2,

kg Kinetic energy at bubble collapse, m?, s=2.
Kex Exit pressure loss coefficient, —.

Keap Gap pressure loss coefficient, —.

Kin Inlet pressure loss coefficient, —.

Leon Hydroxyl radical load, —.

Ig Cavity collapse length scale, m.

Ly Gap length, m.

NH,0 Number of water molecules (in the bubble), —.
ny, Number of nitrogen molecules (in the bubble), —.
P1 First stage pressure, Pa.

D2 Backpressure (to first stage), Pa.

Poo Static pressure external to vapour bubble, Pa.
DB Bubble pressure, Pa.

DBlake Blake threshold pressure, Pa.

pr Turbulent fluctuation pressure amplitude, Pa.

Pvap Vapour pressure, Pa.

p Time-average component of pressure, Pa.

P.oy Cavitation performance

Q Flowrate, m® s~ L.

Ry Initial gas bubble radius, m.

Rp Bubble radius, m.

Tex Gap exit radius, m.

Tin Gap inlet radius, m.

T Temperature, K.

t Time, s.

Ty Bubble temperature, K.

Th Thoma number (=p2/p;), —

w Mean turbulent velocity fluctuation, m s~

Uin (Uex) Gap inlet (exit) velocity, m s

Vg Bubble collapse velocity, m s~.

XeOH Mole fraction of hydroxyl radical, —.

Greek

Y Interfacial tension (vapour bubble/liquid water), N m~®.

Ap Homogenization pressure, Pa.

Ecay Cavitation induced dissipation rate of kinetic energy, m?
572,

Equrb Dissipation rate of TKE, m?s72,

Neay Cavitation efficiency, —.

Hc Liquid viscosity, Pa s.

pPc Liquid density, kg m~3.

OHPH HPH-cavitation number, —.

T Characteristic timescale of the jet, s.

dv Volume average of vapour volume fraction, —.

in wastewater, the intensity is related to the generation of hydroxyl
radicals (number, number density, rate, utilization etc). For emulsifi-
cation applications, it is reasonable to relate cavitation intensity to the
localised energy dissipation rate or shear generated due to collapsing
cavities (Pandit et al., 2021; Ranade and Ranade, 2023; Sawant et al.,
2008). In this work, we define the ‘cavitation intensity’ as the dissipation
rate of energy due to vapour bubble collapse resulting from the implo-
sion of a single cavity.

Despite a relatively large number of studies, there are several
unanswered questions related to cavitation intensity in HPHs. One such
question is how to understand the empirical observation that emulsion
drop breakup is suppressed or delayed in HPHs subjected to extensive
cavitation (Gothsch et al., 2015; Preiss et al., 2021; Schlender et al.,
2015), when hydrodynamic cavitation is known to be an effective
method to break emulsion drops in other devices (Carpenter et al., 2022;
Gode et al., 2023; Perdih et al., 2010; Thaker and Ranade, 2022; Thaker
and Ranade, 2023). Thus far, no convincing explanation has been
offered.

Another challenge that is, arguably, related to the need to distinguish
between cavitation extent and intensity in HPHs, is in understanding the
effect of the main operating parameter of a HPH-the homogenizing
pressure, Ap-—on cavitation. As discussed in Part 1 of this series (Riitten
and Hakansson, 2025), the cavitation number increases with homoge-
nizing pressure if the Thoma number (Th = p2/p;) is kept constant. This
is somewhat contra intuitive in the light of that many studies on the
effects of cavitation in HPH valves (e.g., ultrasonic emissions, valve wear
and free-radical formation) show an increase in cavitation with
increased homogenization pressure (Floury et al., 2004; Hakansson
et al., 2010; Hakansson, 2025; Innings et al., 2011; Kurzhals, 1977;
Lander et al., 2000; Schlender et al., 2015, 2016; Shirgaonkar et al.,
1998). In Part 1 (Riitten and Hakansson, 2025), we see that these
measures of the cavitation extent (e.g., volume fraction of vapour

accumulated in the valve) decreases with increased cavitation number,
as expected. However, in this context, it is difficult to explain the
empirical observations of increased cavitation with increasing homog-
enizing pressure. We argue that this discrepancy can be understood by
distinguishing between cavitation extent and intensity.

To the best of the author’s knowledge, there have been no attempt to
model cavitation intensity in HPH valves. However, the HPH valve has
many similarities to venturis, orifice, or vortex devices, which have been
extensively studied (e.g., Chaudhuri and Chatterjee, 2024; Dastane
et al., 2019; Ding et al., 2024; Hong et al., 2023; Li et al., 2025; Maleki
et al., 2025; Simpson and Renade, 2018; Simpson and Renade, 2019;
Yang et al., 2025). Moreover, in the more general literature on process
intensification and cavitation, there exist a relatively mature method-
ology for estimating cavitation intensity (Chakma and Moholkar, 2013;
Gogate and Pandit, 2000; Kumar et al., 2012; Moholkar and Pandit,
1997; Moholkar, 2001; Pandit et al., 2021; Pawar et al., 2017; Ranade
and Ranade, 2023; Sawant et al., 2008; Simpson and Renade, 2018;
Simpson and Renade, 2019). These studies use a single cavity model—
based on a Keller-Miksis formulation (Keller and Miksis, 1980)-to pre-
dict the expansion and collapse of a single vapour bubble. The speed of
the cavity wall collapse is used to estimate how fast energy is dissipated
by the collapse event, and this dissipation rate is used to quantify the
cavitation intensity (Sawant et al., 2008; Pandit et al., 2021; Ranade and
Ranade, 2023).

The Keller-Miksis model also allows for the prediction of the tem-
perature, pressure and molecular composition of the vapour bubble at
the collapse. Mechanistically the process is complicated (Kalmar et al.,
2022). However, previous studies have successfully used a simple ‘hot-
spot’ theory in the prediction of free radical formation due to hydro-
dynamic cavitation (Chakma and Moholkar, 2013; Pandit et al., 2021;
Pawar et al., 2017). According to this approach, the mole fraction of free
radicals can be calculated from equilibrium theory (i.e., minimizing the
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Gibbs free energy) at the maximum pressure and temperature inside of
the bubble resulting from the implosion. The underlying assumption is
that this chemical equilibrium sets in substantially faster than it takes for
the vapour bubble to implode.

The abovementioned modelling approach to predict cavitation in-
tensity and free radical release due to hydrodynamic cavitation has been
seen to correlate well with experimental measures of cavitation intensity
in previous studies (e.g., Ding et al., 2024; Hong et al., 2023; Sawant
et al., 2008; Pawar et al., 2017). Thus, it is a promising approach that
could also help to develop an understanding on cavitation intensity in
the context of high-pressure homogenization.

The aim of this contribution is to extend the previously suggested
method of modelling cavitation intensity to a HPH valve and combine it
with the CFD-methodology used in the first part of this series (Riitten
and Hakansson, 2025) to understand how operating parameters (ho-
mogenizing pressure and Thoma number) relate to cavitation intensity.
More specifically, the research questions are:

o What similarities and differences are there between how cavitation
extent and intensity depend on operating conditions in a HPH valve?

e Can the concept of cavitation intensity be used to understand the
apparently contradictory finding that experimental studies observe
an increase in cavitation with homogenizing pressure despite that
this results in an increasing cavitation number?
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e Can the concept of a cavitation intensity be used to better understand
why extensive cavitation does not aid in drop breakup in HPHs?

e How well does the modelling framework explain empirical obser-
vations of how free radical formation in HPHs depend on operating
conditions?

We have developed an approach and a framework to address these
questions in the current contribution. The developed framework and
results will be useful for optimising HPH as well as other hydrodynamic
cavitation-based processes.

2. Theory and calculations
2.1. A modelling framework

As described above, this study applies and adopts a previously used
modelling framework, based on single cavity collapse simulations, to
predict the cavitation intensity in HPH valves, as a function of operating
conditions. The modelling framework for calculating the cavitation in-
tensity, €cqy, —based on known information about the HPH valve geom-
etry, operating conditions and fluid properties-is presented in Fig. 1 and
summarized below: In the first step, a pressure drop correlation is used
to estimate the primary hydrodynamic parameters of the valve (i.e., gap
height and gap velocity). This is described in more detail in Section 2.2.
In the second step, the parameters driving vapour bubble collapse (e.g.,

Valve Operating Fluid Cavitation
geometry conditions properties efficiency
dp, Th, O, T) (P o Ro) (leay)
[ J
Part 1

Cavitation
driving
parameters
)
Crf) eas

CFD

Time-averaged
external pressure
Sec2.4

Static
pressure profile

(P(1)) Sec 2.4

Bubble dynamics
(Rg(1), T5(1), ps(1))
Sec 2.5

Cavitation extent

(New)
Sec 2.7

Cavitation
performance

(PCGV) Sec 2.7

Cavitation
intensity
(ecar)

Fig. 1. Overview of the modelling framework suggested for predicting cavitation intensity from HPH valve geometry, operating conditions and fluid properties.
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amplitude and frequency of pressure fluctuations) are estimated based
on the primary hydrodynamic parameters (see Section 2.3). The static
pressure profile (external to the bubble) is either estimated (simple and
fast method, ‘model I') or calculated based on two-phase CFD (pre-
sumably more representative, ‘model II") (see Section 2.4). The next step
in the modelling framework predicts the expansion and collapse of a
vapour bubble subjected to such a pressure profile (see Section 2.5). This
is used to calculate the dissipation created by a microjet implosion (see
Section 2.6), which is identical to the cavitation intensity, &.q,-

Note, however, that &4y, is a measure of the intensity resulting from a
single collapse. It needs to be combined with the number of cavities
collapsing per unit volume (N¢q,). N¢qy is @ measure of cavitation extent
and can be estimated based on the quantities calculated in Part 1 of this
series (Riitten and Hakansson, 2025), as described in Section 2.7.
However, from a practical perspective, when attempting to understand
and predict the effect of cavitation on, for example, wear or of cell
breakup, it is important to note that all cavity implosions are not
necessarily as effective. Implosions extort a powerful effect but are
short-lived. Thus, how close to targets they occur are expected to play a
role. Based on this line of argument, we propose that the cavitation
performance of a device, P.q, is modelled as the product of ¢.4y, N¢qy and
an efficiency factor, #¢qy,

PcavaNcav'Ecav‘nmv (€D)]

The cavitation efficiency is likely to depend on which effect of the
cavitation we study (i.e., wear or cell breakup). In this study, however,
we simplify the model by setting 7.4, = 1 throughout.

As mentioned in the introduction, several previous studies have
quantified cavitation in HPHs from the release of free radicals. The
cavity implosion framework is extended for predicting free radical
performance in Section 2.8.

2.2. Pressure-drop correlation

The intensity of a HPH is controlled by varying the homogenizing
pressure. Primary hydrodynamic parameters, such as gap velocities and
gap height, can only be accessed indirectly, typically through solving for
these quantities using pressure loss correlations (Hakansson, 2024;
Phipps, 1975). In this study, we use a pressure loss correlation developed
using an extensive CFD-campaign on HPH-valves operated to avoid
cavitation. Results from that study suggested that the total homoge-
nizing pressure, Ap, can be modelled as (Hakansson, 2024),

Ap = Apjic + APgap + ADoc 2)
Apic = KmCTU?” 3
APap = Koy 4f (Recs) 257 C'ZUZ‘ @
APoc = KexfoC'TU?X )

with Kip, Kgqp and K being Reynolds number dependent friction loss
coefficients (see the original study for explicit expressions) and f being
Fanning’s friction coefficient. In addition to Egs. (2)-(5), mass preser-
vation (assuming constant fluid densities) relates flowrate to gap ve-
locities and gap-height:

Q =27-UpTin-h = 27-Ugx Tex-h (6)

Provided a valve geometry (i.e., Tex, Iin and Ly), fluid properties (pc,
uc), and the operating conditions (Q and A4p), the gap-height and gap-
velocities were calculated by numerically solving Egs. (2)-(6) using a
derivative free numerical nonlinear equation solver implemented in
MATLAB R2022a (MathWorks, Natick, MA) as the built-in function
‘fzero’.
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In Part 1 of this series (Riitten and Hakansson, 2025), it was seen that
this pressure loss correlation gives less than a 5 % error under mildly
cavitating conditions. The error increases somewhat with more exten-
sive cavitation but is never more than 15 %.

All investigations of the present study are based on the HPH valve
described in the first part of this series (Riitten and Hakansson, 2025), i.
€., Tex = 2.3 mm, Ly = 0.5 mm, Q = 250 L/h, pc = 1010 kg/ms, uc=0.6
mPa s.

2.3. Bubble implosion driving quantities

Previous investigations have identified the instantaneous static
pressure profile in general, and the amplitude and frequency of
turbulence-induced pressure fluctuations in particular, to be of critical
importance for understanding the expansion and implosion of cavitation
bubbles in turbulent flows (Moholkar and Pandit, 1997; Pandit et al.,
2021; Pawar et al., 2017; Ranade and Ranade, 2023).

Detailed information on the instantaneous pressure external to the
bubble, the amplitudes or frequencies, and how they depend on oper-
ating parameters, would require a large direct numerical simulation
(DNS) campaign. Whereas we have previously performed DNS on
simplified valves (Olad et al., 2022a; Olad et al., 2022b), it is still too
computationally expensive for industrially relevant HPH valves. The
situation is similar for other devices. Therefore, previous studies use
correlations based on more readily accessible parameters to describe the
instantaneous pressure variations driving bubble expansion and collapse
(Moholkar and Pandit, 1997; Pandit et al., 2021; Pawar et al., 2017;
Ranade and Ranade, 2023).

The instantaneous pressure instantaneous static pressure experi-
enced by the bubble, p(t), is modelled as the sum of a time-averaged
component, p(t), and a sinusoidal fluctuation (Moholkar and Pandit,
1997; Pandit et al., 2021; Pawar et al., 2017; Ranade and Ranade, 2023):

Do (t) = P(t) +pr-sin(27-fr-t) 7

To ensure that the instantaneous pressure is physically realistic, a
minimum value of 0 Pa is set on p,,(t).

The amplitude of pressure fluctuations, pr, is typically found to be
proportional to fluid density and the turbulent kinetic energy. Following
Pawar et al. (2017) and Moholkar (2001), we estimate,

pr = pck 8)

The frequency of pressure fluctuations, fr, is modelled as the char-
acteristic velocity fluctuation divided by the length-scale of the largest
turbulent eddies (Moholkar and Pandit, 1997). For the outlet chamber of
a HPH, the integral length-scale of turbulent eddies is approximately
equal to three gap heights (Innings and Tragardh, 2007). Assuming
isotropic turbulence, the average of the velocity fluctuations can be
estimated from the turbulent kinetic energy,

= +/2/3k"? ©)]

and therefore,

uw 2/3.k1/2

Egs. (8) and (10) suggest that both the amplitude and the frequency
of pressure fluctuations can be estimated from gap height (h) and TKE
(k). The former is obtained as described in Section 2.2. Generally, the
TKE of a turbulent jet is expected to be proportional to the square of the
jet velocity (i.e., U, in the HPH) with a proportionality constant of order
magnitude 0.01-0.1 (Pope, 2000, pp. 134). From carrying out a range of
CFD simulations with varying gap-heights (see Supplement S.1), it is
concluded-empirically-that the following scaling is appropriate for the
HPH valve:

k = 0.025.U2, an
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2.4. Static pressure profiles outside of the bubble

The methodology of approximating the instantaneous pressure
external to the bubble with a sinusoidal model (e.g., Eq. (7)) has been
widely adopted in previous studies. However, the previous studies differ
in how the time-averaged pressure, p(t), is modelled. In this contribu-
tion, two different approaches were used. By comparing results from
these two approaches, we perform a sensitivity analysis, helping to
ensure model validity. Moreover, this allows us to test the suitability of
the simpler approach. The first approach (Moholkar and Pandit, 1997;
Pandit et al., 2021; Pawar et al., 2017), approximates p(t) with a linear
profile, increasing from the vapour pressure, p,q, to the downstream
pressure (i.e., ps, the backpressure to the valve, in the present study),
with a time-constant 7.

D2 7PVGP

pvap"‘t'f t<rt

p(t) = (12

D2 t>7

The rational for setting the starting point at p,qp is that this is where
the bubbles start expanding, and, thus, the implosion will occur down-
stream of this point.

The time-constant, 7, is estimated as the time required to travel 15
gap height in the outlet chamber jet downstream of the gap exit,

15

=T 13)

T

Using the simplified profile (Eq. (12)) for estimating the time-
averaged pressure will be referred to as employing ‘model I' below
(see Fig. 1). The advantage with this approach is that it allows for
calculation of the cavitation intensity (as well as free radical formation)
directly from geometry, fluids and operating conditions, without having
access to CFD.

The second approach (Dastane et al., 2019; Hong et al., 2023;
Simpson and Renade, 2018; Simpson and Renade, 2019) is to estimate
p(t) from the static pressure on discrete particle model (DPM) trajec-
tories calculated based on a CFD model of the cavitating flow. In the
current study, 200 inert 1 pm diameter spherical particles were released
in the steady-state CFD solution from part one of this series (Riitten and
Hakansson, 2025). Trajectories were initiated at the gap inlet, 1/10 of
the gap-height distance from the seat wall. This corresponds to the po-
sition of maximum local evaporation rate according to the macroscopic
Schnerr-Sauer cavitation model (Riitten and Hakansson, 2025). The
particle trajectories were calculated taking virtual mass and pressure
gradient forces into account and using a stochastic tracking method with
an eddy lifetime given by 0.15 times the (local) TKE divided by the
dissipation rate of TKE (Simpson and Renade, 2018; Simpson and
Renade, 2019). All DPM trajectories were obtained via the discrete
particle tracking module in Fluent 2019R1 (ANSYS, Canonsburg, PA).

Note that each operating condition (i.e., each combination of Ap and
Th), gives rise to 200 trajectories. For each such trajectory, p.(t) was
calculated using Eq. (7). This was, subsequently, used to calculate
bubble dynamics and cavitation-induced energy dissipation (see sub-
sections below). The average across all 200 trajectories was used to
characterize each operating condition.

The use of steady-state CFD to calculate the DPM for calculating the
time-averaged pressure is an approximation that, substantially, reduced
computational cost. A sensitivity analysis was performed by repeating
the DPM-analysis on three transient CFD-solutions to one of the cases
(Th = 1 %, Ap = 26 MPa), collected at between 0 and 3500 ps from
departing from the steady-state solution. Each of the three sets of DPM-
solutions was used to calculate the cavitation intensity (see Sections 2.5-
2.6). The calculated average cavitation intensities (across the trajec-
tories) were not identical, but similar (i.e., 1.37-10° mz/s3, 1.15-10° m?%/
s2 and 1.52-10° m2/s%). Thus, a steady-state CFD approach was adopted
throughout the study.
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2.5. Bubble dynamics

The Keller-Miksis equation (Keller and Miksis, 1980), with a van der
Waal equation of state, a water vapour mass transfer closure model, and
a pseudo steady state heat transfer model was used to calculate the
evolution of the vapour bubble radius, Rp, the bubble temperature, Tp,
the bubble pressure, pg, the number of nitrogen molecules, ny,, and the
number of water molecules, ng,o, as functions of time, t, given the
external pressure profile, po(t). A full description of model equations
can be found in Pandit et al. (2021). To avoid implementation errors as
well as to ensure a high degree of traceability, the MATLAB-based single
cavity model (SCM) (https://github.com/AjinkyaPandit/cavitating-sing
le-bubble) provided by Pandit et al. (2021) was used with minimal
modifications. To adopt it to the current study, however, the SCM was
lightly rewritten to allow it to operate without interfacing spreadsheets
for parameter settings and pressure profiles. Following Pandit et al.
(2021), both relative and absolute tolerances to the ordinary differential
equation solver were set to 107,

2.6. Cavitation intensity

The dissipation rate of kinetic energy due to cavitation implosions (i.
e., the cavitation intensity) was estimated based on the approach sug-
gested by Sawant et al. (2008). First, the radial liquid velocity at the
collapsing bubble was estimated from the bubble dynamics:

.<R3(t> ) 14

RB.max

dR,
CChd

The first temporal derivative of Rp(t) was calculated using a five-
point stencil (Sauer, 2012).

Secondly, the eddy length-scale associated with the cavity collapse
oscillation, lg, was estimated as the time-averaged bubble radius
(calculated using a trapezoidal rule integration, using the function
‘trapz’ as supplied in MATLAB R2022a) (Sawant et al., 2008). Third, the
kinetic energy (per mass) arising from the microjet resulting from an
implosion was estimated from that velocity (Sawant et al., 2008),

kg(t) = 0.5-V(T) (15)

and, finally, the dissipation rate of cavitation implosion energy was
calculated from velocity scale cubed, divided by length-scale (assuming
a proportionality constant of one) (Sawant et al., 2008), i.e.,

Coan(t) = ks*()

(16)
ls

Following Sawant et al. (2008), the characteristic £.q, was calculated
from taking the average of the time-dependent expression in Eq. (16)
over the ‘lifetime of the cavity’ (Sawant et al., 2008, p. 324), which in
this study is interpreted as when Rp(t) > 1.05 Ry.

2.7. Cavitation extent and performance

As discussed above (Eq. (1)), we define cavitation performance as the
product of the cavitation intensity, the number density of cavities and an
efficiency factor (arbitrarily set to one in this study).

The number density of cavities (number per unit volume) was esti-
mated from assuming that, initially, there are N, cavities all with
radius Ry and that the volume fraction of vapour is ¢y,

Neay (17)

= ¢"’FR§

The volume fraction in the device is heterogenous (Riitten and
Hékansson, 2025), and there are different options for how to model ¢,. A
straight-forward approach is to identity ¢, with the volume integral
average over the valve. The first part of this series (Riitten and
Hakansson, 2025), showed that the volume average integral of the
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vapour volume fraction is a function of the cavitation number. It can be,
empirically, modelled (see Supplement Section S.2 for a motivation) as,

b, = {0‘13'exp(756'6HPH)’f6HPH <0.20
, =

Oelse as)

The second row in Eq. (18) models that cavitation is supressed at
sufficiently high cavitation numbers, i.e., if ogpy > 0.20 according to
Part 1 of this series (Riitten and Hakansson, 2025). The HPH cavitation
number is defined,

pZ 7pvap

OHPH =

and is readily calculated (for set of each operating conditions) based on
the primary hydrodynamic parameters calculated from Section 2.2.

However, estimating the number of cavity collapses based on the
volume average of vapour might be questioned. If the volume fraction of
vapour is close to one (i.e., a vapour filled region), this is more likely to
give rise to a hydraulic flip (Schlender et al., 2015) than a large number
of cavity collapses. Thus, as a sensitivity analysis, we compare the
method above to estimating ¢, as the volume fraction of the device with
a vapour volume fraction between 10 % and 50 %. This range aims to
capture the regions where cavity collapses are expected. The comparison
showed that the two approaches resulted in a nearly identical estimation
of ¢, (see Section S.3 in the Supplement). Thus, the volume average (Eq.
(18)) was used in the rest of the study.

2.8. Free radical formation

Cavitation gives rise to the formation of free radicals. This has often
been used to quantify cavitation in HPHs (Floury et al., 2004; Gogate
et al., 2021; Lander et al., 2000; Shirgaonkar et al. 1998). Following
previous investigations (Chakma and Moholkar, 2013; Ding et al., 2024;
Li et al., 2025; Pandit et al., 2021; Pawar et al., 2017), we use the ‘hot
spot’ theory to predict the release of free radicals in the present study.
The Equilib software in FactSage 8.3 (Bale et al., 2009) is used to solve
the Gibbs free energy minimization problem. The gas bubble is assumed
to consist of nitrogen and water vapour, the relative amounts are ob-
tained from the bubble dynamics model (see Section 2.5).

The minimization of Gibbs free energy, results in an estimation of the
mole fraction of all chemical species created in the implosion, including
the free radicals. Previous studies suggest the hydroxyl radical (Chakma
and Moholkar, 2013; Pawar et al., 2017), eOH, to be the dominating
species, and this is also confirmed in the present study. Thus, the current
study reports results as the mole fractions of ¢OH, x,op. However, note
that x,oy describes the effect of a single vapour bubble. To obtain an
indicator representative of what is obtained in the experimental studies,
the free radical performance; P,oy, is defined as the mole fraction
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multiplied with the number density of cavitation bubbles and an effi-
ciency factor,

(20)

P.oun = xOOH'NCGV'”cuV.OOH

In analogy with the discussion in Section 2.1, the efficiency factor is
assumed to be equal to one, for simplicity.

3. Results and discussion
3.1. Effect of operating parameters on HPH hydrodynamics

HPHs are designed to rapidly dissipate turbulent kinetic energy in a
small region downstream of the gap exit (Hdkansson, 2019). The
increased hydrodynamic intensity resulting from operating a HPH at an
increased homogenizing pressure, comes from a reduction in the gap
height and an increase in gap velocities, leading to an increase in the
dissipation rate of TKE. This is illustrated in Fig. 2 for the case of a HPH
with a gap exit diameter of 4.6 mm, a gap length of 0.5 mm, a flowrate of
250 L/h, and run with water at 25 °C. Note that the back-pressure ratio
(Th = p2/p;) does not influence gap height or gap velocities (if the ho-
mogenizing pressure is kept constant). Also note that the velocity at the
gap inlet, Uy, is larger than at the gap exit, Uy, due to the area expansion
effect of a radial diffuser HPH valve.

Fig. 3 displays the resulting effect on the amplitude and frequency of
pressure fluctuations from varying homogenizing pressure and Thoma
number (calculated as described in Section 2.3). First note that the
amplitude of pressure fluctuations increases almost linearly with ho-
mogenizing pressure but is independent of Thoma number (Fig. 3A and
C). This is expected from that TKE increases and gap-height decreases as
homogenizing pressure is increased (whereas none of the parameters
depend on Thoma number), as seen from Eq. (6). A similar increase can
be seen in the frequency of pressure oscillations (Fig. 3B and D).

Also note that both amplitude and frequency of pressure fluctuations
are large in comparison to previously studied systems such as vortex
generators and venturis (Pandit et al., 2021; Sawant et al., 2008;
Simpson and Renade, 2018; Simpson and Renade, 2019)—amplitudes
reach 2-10 MPa and frequencies of 100-450 kHz. This is expected since
the HPH (in contrast to these other devices) is designed with the main
purpose of delivering intense turbulence. Thus, the TKE is high which
results in high values of py and fr (see Egs. (8) and (10)).

3.2. Blake threshold pressure as a criterion for cavitation implosions

A vapour bubble subjected to a pressure amplitude exceeding the
Blake threshold pressure, ppjgk, will grow and/or shrink uncontrollably
(Harkin et al., 1999). Consequently, a pressure amplitude exceeding
DBlake has been suggested as a necessary and sufficient condition for

300

50 - : ‘ : :
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Fig. 2. Gap-height (A) and gap velocities (B, solid line: gap exit velocity, dashed line: gap inlet velocity). For valve geometry and fluid properties, see Section 2.2.
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Fig. 3. Cavitation driving parameters plotted as functions of homogenizing pressure (A and B), Ap, and Thoma number, Th (C and D). A,C) Turbulent pressure

fluctuation amplitude, pr. B,D) Turbulent pressure fluctuation frequency fr.

cavitation implosions to occur (Pandit et al. 2017, p. 8). For a HPH, the
pressure far downstream of the cavitating region is represented by the
backpressure, pz, and thus:

323
27-R3: (P2 — Puap + 27/Ro )

DBlake = P2 — Pvap + (21)

Note that the Blake threshold depends on the radius of the initial gas
bubble (Rp). An illustration is provided in Fig. 4 (with y = 72 mN/m).
Also note that if the initial vapour bubble radius is large (i.e., Rgp > 1 um),
Eq. (21) results in ppigke ~ p2. If the initial gas bubble is substantially
smaller than this, the bubble can keep from going into a violent
expansion and/or collapse at substantially higher pressure amplitudes.
Moreover, this effect becomes more pronounced the lower is the ho-
mogenizing pressure (Fig. 4A) and the lower is the Thoma number
(Fig. 4B).

Fig. 5 displays the ratio between pressure amplitude and Blake
pressure as a function of homogenizing pressure (at Th = 1 %) (Fig. 5A)
and Thoma number (at Ap = 20 MPa) (Fig. 5B). Starting with Fig. 5A,
note that at this low Thoma number (Th = 1 %), the pressure amplitude
greatly exceeds the Blake threshold pressure if Ry is not much smaller

0 10 20 30 40
Ap [MPa]

than 1 pm. This suggests that violent vapour bubble collapse will occur
regardless of the homogenizing pressure applied. However, as seen in
Fig. 5B, as soon as a relatively low backpressure is applied, this sub-
stantially reduces the Blake threshold pressure (note that pgigke = p2), SO
that the ratio falls below the critical limit of p1/ppigke = 1. The lowest
Thoma number required to keep p7/ppiake < 1 (i.e., to supress cavitation
according to this prediction method), is 2.8-3.0 % (if Ry < 1 um). If the
initial gas bubble diameter is smaller still, the Blake threshold suggest
that no implosions will occur even if the Thoma number is as low as 1 %.
The critical Thoma number depends very weakly on the applied ho-
mogenizing pressure, i.e., at Rp = 1 pm, the critical Th is in the range
2.5-3.0 % when 5 MPa < Ap < 40 MPa (results not shown).

Although the size of the initial gas bubble in a typical case of high-
pressure homogenization is unknown, the proceeding analysis is car-
ried out assuming Ry = 1 um. This choice is made partially based on that
the bubble dynamics appears relatively insensitive to variations in Ry
above this limit, and partially due to that a substantially smaller Ry
appears unrealistic in the light of Fig. 5B and previous empirical ob-
servations of cavitation sound, wear and free radical formation, show
cavitation taking place at Thoma numbers well above Th =1 % (Floury
et al., 2004; Hakansson, 2025; Hakansson et al., 2010; Lander et al.,

B —Ry=0.14m

—R,=1pum

—R0=5ym

0 5 10 15 20
Th [%]

Fig. 4. Blake threshold pressure, ppjake, normalized to the backpressure, p,, as a function of homogenizing pressure (at Th = 1 %) (A) and Thoma number (at Ap =
20 MPa) (B). Results displayed for three values of Ry = 0.1 um (black line), Ry = 1 um (blue line) and Ry = 5 pm (red line).
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Fig. 5. Blake threshold analysis, showing the operating conditions where the pressure amplitude, pr, is larger than the Blake threshold pressure, pgjake, and thus,
where cavity collapse is expected. A) pr/pgiake as @ function of homogenizing pressure. B) pr/Ppiake as a function of Thoma number. Results displayed for three values

of Rg = 0.1 um (black line), Rg = 1 um (blue line) and Rg = 5 um (red line).

2000; Shirgaonkar et al., 1998).

3.3. Effect of homogenizing pressure on bubble collapse and cavitation
intensity

As discussed in Sections 2.4-5, a model of bubble collapse is obtained
by solving the bubble dynamics Keller-Miksis equation. Model I assumes
that the instantaneous external pressure follows a linearly increasing
profile (from p = pyqp to p = po, during a time-period 7), overlayed by a
modelled pressure fluctuation (Eq. (7)). This closely followed the
approach suggested in several previous studies (e.g., Moholkar and
Pandit, 1997; Pandit et al., 2021; Pawar et al., 2017).

Fig. 6A displays the resulting pressure profiles at three different
homogenizing pressures (Ap = 5 MPa, 22 MPa and 40 MPa) (based on
using model I). Note the increase in both amplitude and frequency with
increasing homogenizing pressure. Also note that the fluctuating

15 A A

pressure amplitude is large in relation to p,qp and pa, and, thus, p.(t) is
almost completely dominated by the fluctuating component.

Fig. 6B and C display the bubble diameter and temperature obtained
from solving the Keller-Miksis equation (Section 2.5). Note that,
regardless of homogenizing pressure, the bubble undergoes a sequence
of dampened oscillations each linked to a violent collapse. For a short
time-period during the collapse, the local bubble temperature increases
to ~6000 K (relatively independently of homogenizing pressure, see
Fig. 6C).

Fig. 6D-F compare the abovementioned results to those obtained
using the trajectory-analysis for estimating the time-averaged compo-
nent of the external pressure (i.e., model II). The lines display the
maximum external pressure (Fig. 6D), bubble radius (Fig. 6E), and
bubble temperature (Fig. 6F) over the first 20 us based on using model I
and the markers display the same data for model II (showing average
plus/minus standard deviation across the 200 trajectories). As seen in
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Fig. 6. A) External static pressure fluctuations (model I) at three different homogenizing pressures. The resulting bubble radius, R, and bubble temperature, Tg. are
displayed in (B) and (C), respectively. D-F display the maximum static pressure (D), bubble radius (E), and bubble temperature (F), comparing the two approaches to
model the time-averaged external pressure-the solid line displays results from model I and the solid markers display results from model II (average + standard

deviation across 200 trajectories). (Results obtained for Ry = 1 pm, Th = 1 %).



A. Hdkansson et al.

the figure, the trends with respect to homogenizing pressure are similar.

The cavitation intensity, defined as the microjet energy dissipation
associated with bubble collapse, can be seen in Fig. 7A (calculated as
described in Section 2.6). The solid black line displays the predictions
using the simplified pressure profile (model I), and the blue markers
display the results from using the CFD-calculated pressure profiles
(model II). Note that the estimates differ by several orders of magnitude
(due to the inherent sensitivity of the bubble dynamics to small pressure
variations). However, the trend is similar-¢.,, increases with homoge-
nizing pressure at a diminishing rate.

As a further comparison, a dissipation rate of cavitation implosion
energy prediction based on the artificial neural network (ANN) trained
in a previous study (Ranade and Ranade, 2023) has also been inserted
(dashed line). As seen in the figure, the ANN overpredicts ¢.4, compared
to the direct use of bubble dynamics simulations (solid lines). However,
the ANN predicts the trend with increasing homogenizing pressure
relatively well. This is surprising given that the ANN was trained on
parameters corresponding to devices with substantially lower turbu-
lence intensities. Thus, the parameters of the HPH valve are far outside
the ones used for training the ANN (e.g., fr = 100-450 kHz in this study,
see Fig. 3B, whereas the ANN was trained on fr = 5-80 kHz).

Fig. 7B displays the cavitation performance (modelled as the product
of e.qy and the number frequency of vapour bubbles, see Section 2.7).
Note that, regardless of if using model I, model II or the ANN, the
cavitation performance increases with homogenizing pressure. More-
over, P4y increases somewhat steeper with homogenizing pressure than
Ecav-

Summarizing the findings thus far: regardless of which method that
is used to estimate the time-averaged pressure, ¢4, and P.q, increase
with homogenizing pressure. This implies that vapour bubble collapse is
more violent the higher is the applied homogenizing pressure. This is a
promising feature of the model in the light of the empirically observed
increase in cavitation intensity with increasing homogenizing pressure
(Floury et al., 2004; Hakansson et al., 2010; Innings et al., 2011;
Kurzhals, 1977; Lander et al., 2000; Shirgaonkar et al., 1998). Also, note
that this is a behaviour that could not be captured by a CFD coupled to a
macroscopic cavitation model, or a description purely based on the
cavitation number, since the cavitation number increases with
increasing homogenizing pressures—see discussion in Part 1 of this series
(Riitten and Hakansson, 2025).

It is also interesting to compare &4y to the characteristic turbulent
dissipation rate of TKE from the outlet chamber turbulence, ¢g. The
dependence of &4 on the primary hydrodynamic variables of a HPH (in
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the absence of cavitation) has been studied to some extent, for example
using DNS (Olad et al., 2022a, 2022b). These previous studies show that
a good approximation of the &4, in the region where drop breakup takes
place is,

ey — L Uk
“* 140 h

Asseen in Fig. 7A, for the HPH, &, is substantially larger than &gy (i.
e., either a factor 102 or a factor 10* higher, depending on which of the
pressure profile models that is used). This contrasts with flow devices
where drop breakup is due to cavitation bubble implosions (Gode et al.,
2023; Perdih et al., 2010; Thaker and Ranade, 2022; Thaker and
Ranade, 2023). (Also note that the alternatives to Eq. (22) that have
been suggested in other studies (Innings and Tragardh, 2007), have a
larger proportionality constant, which would lead to the conclusion of
an even larger difference between &g, and e.qy.) Again, this could be
expected from that a HPH is designed to deliver intense turbulence as
opposed to the previously mentioned devices, which are typically
designed to effectively subject the fluid to cavitation.

The finding in Fig. 7A helps to explain why emulsion drop breakup is
not aided by the presence of cavitation, as seen in visualization experi-
ments for HPHs (Gothsch et al., 2015; Preiss et al., 2021); even if
operating at virtually no backpressure, the cavitation implosions will not
give rise to an as forceful disrupting force as the turbulent eddies. In a
situation where even emulsion drops following trajectories taking them
very close to a vapour bubble implosion will not experience a higher
stress from this than from turbulent eddies, we do not expect cavitation
to aid breakup.

As mentioned above, it has also been observed experimentally that
extensive cavitation hinders breakup in scaled-up HPH valves (Gothsch
et al., 2015, 2016; Preiss et al., 2021). This has been explained in terms
of extensive cavitation influencing drop breakup via its effect on the
macroscopic flow, for example Preiss et al. (2021) suggested that the
presence of vapour weakens turbulence vortices. In the light of the ob-
servations in Part 1 of this series, another possible mechanism can be
found in the effect extensive cavitation has on the jet orientation (Riitten
and Hakansson, 2025). Both these hypotheses are consistent with the
low cavitation induced dissipation rate of kinetic energy.

(22)

3.4. Effect of Thoma number on bubble collapse and cavitation intensity
Turning to the effect of Thoma number on the cavitation intensity,

Fig. 8 displays the pressure profiles (using model I) and the corre-
sponding bubble radius and bubble temperature plots. As noted above,
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Fig. 7. A) Cavitation intensity (black and blue), compared to the dissipation rate of TKE in the HPH jet (red), as a function of homogenizing pressure, Ap. B)
Cavitation performance (Eq. (16)) as a function of homogenizing pressure, Ap. For cavitation, the figure compares results from using a simplistic pressure profile
(model I, black solid line), based on the CFD-trajectory pressure profiles (model II, blue markers), and a previously suggested ANN model (Ranade and Ranade, 2023)

(dashed black line).
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Fig. 8. The effect of Thoma number on bubble dynamics. A) Static pressure external to the bubble, p., as a function of time. B) Bubble radius, Rg. C) Bubble
temperature, Tp. Pressure profiles in (A-C) are generated with model I. (D-F) show the maximum external pressure (D), bubble radius (E) and bubble temperature (F),
comparing model I (solid line) to model II (solid markers) (showing average + standard deviation across 200 trajectories). (Results obtained for Ap = 26 MPa, Ry =

1 um.)

the external pressure profiles in Fig. 8A are dominated by the fluctua-
tions (i.e., pyqp and p> are small in relation to p,). Fig. 8A also shows that
the main effect of operating at a higher Th is to lift the pressure profile to
a higher level. As seen in Fig. 8B, this results in a less violent collapse at
higher Thoma numbers (i.e., smaller bubble radius amplitudes and
larger temporal gradients of Rp). Note, however, that the span of Thoma
numbers displayed in Fig. 8 is limited. As seen already in Section 3.2,
applying a higher Thoma number than ~3 % leads to that no violent
bubble implosion occurs (at least under the assumption that model I
describes the external pressure profile). The same trend can be seen
when inspecting the bubble temperature in Fig. 8C; the maximum
temperature decreases rapidly when operating at higher Thoma
numbers, until at Th = 3.5 %, temperature inside the bubble never ex-
ceeds 30 °C.

Fig. 8D-F shows a comparison between maximum external pressure

(Fig. 8D), maximum bubble radius (Fig. 8E), and maximum bubble
temperature (Fig. 8E), comparing results from the two approaches to
modelling the time-averaged pressure-solid lines display model I and
markers display model II (average + standard deviation across 200
trajectories). As seen in Fig. 8D-F, the trends with Thoma number are
similar.

Fig. 9A displays the corresponding cavitation intensity, &y, as a
function of Thoma number. The solid black line displays the estimates
from the simplified linear pressure model (model I), corresponding to
Fig. 8A-C. Note that only conditions where a catastrophic implosion
collapse occurs (i.e., Th = 3.1 % but not Th = 3.5 in Fig. 8) are included
(cf. Pandit et al., 2017). Also note that ey, increases somewhat with
Thoma number, reaching a critical value below which &, — 0. This
maximum is possibly due to that the difference between the maximum
and minimum external static pressure experienced by the bubble
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Fig. 9. A) Cavitation intensity (black and blue), compared to the dissipation rate of TKE in the HPH jet (red), as a function of the Thoma number, Th. B) Cavitation

performance (Eq. (11)) as a function of the Thoma number, Th. For cavitation,

the figure compares results from using a simplistic pressure profile (model I, black

solid line), based on the CFD-DPM pressure profiles (model II, blue markers), and a previously suggested ANN model (Ranade and Ranade, 2023) (dashed black line).

(Ap = 26 MPa).
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increases with Th since increasing Th lifts the pressure further above the
vapour pressure (see Fig. 8A).

The dashed line in Fig. 9A displays the estimations from the ANN
(Ranade and Rande, 2023). Here, the ANN deviates more from the
simulations than in Fig. 7. However, note that it does predict both a local
maximum and a sharp decrease when the Thoma number approaches a
critical value.

The blue markers in Fig. 9A display &.q, estimated from using the
pressure on the CFD trajectories in determining the time-average pres-
sure in Eq. (7) (i.e., model II). As with the simplified model (model I),
€cqv increases with Th. However, there is no longer a sharp limit below
which no implosions take place.

Some further insights into the difference between the two modelling
approaches can be obtained from Fig. 10 showing contours of the
reduced pressure ratio, (p-pyqp)/p2, for three Thoma numbers (at 4p =
26 MPa) with an overlay of example trajectories (the view displays only
~10 tracks per case in order not to clutter the view). Note that Thoma
number has two different effects. First, operating at a low Thoma
number creates large variations in static pressure along trajectories,
partly since the region where the static pressure reaches close to the
vapour pressure is larger, but also because it allows for a static pressure
that is-locally—substantially higher than the backpressure. The global
maximum of the reduced pressure ratio reaches up to ~20 for Th=1 %
(as compared to ~5 for Th = 5 % and ~2 for Th = 20 %). (Note,
however, that the colour scale in Fig. 10 has been capped at (p-pyqp)/p2
= 2.0, to more clearly show difference across the whole domain.) Sec-
ondly, also note that the Thoma number influences the vapour bubble
trajectories. This is due to changes in the location of the HPH outlet
chamber jet. The HPH outlet chamber jet without cavitation (or with
limited cavitation) attaches to the forcer incline (Innings and Tragardh,
2007; Hakansson et al., 2011; Hakansson, 2024). Extensive cavitation
lifts the jet from the forcer wall (Riitten and Hakansson, 2025). This also
changes the trajectories of the vapour bubbles.

The dissipation rate of TKE has also been included in Fig. 9A (red
line, Eq. (22)). If the ANN is disregarded (since it is not trained on
conditions similar to the HPH, it is of less relevance for making quan-
titative comparisons), the results from Section 3.3 hold; substantially
more energy is dissipated due to turbulence than from cavitation im-
plosions in the HPH. This applies regardless of the value of Th.

Fig. 9B displays the cavitation performance as a function of Thoma
number. Again, the quantitative values differ depending on if model I or
model II is used for describing the time-averaged external static pres-
sure. However, both methods suggest P, to increase to a local
maximum and then rapidly decrease to zero beyond a critical value. It is
interesting to note that using the CFD-trajectory method (model II), this
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critical Th beyond which no cavitation implosions are expected, is
substantially higher than what is obtained with model I (or the Blake
threshold analysis, which was also based on model I, see Section 3.2).
With method II, the threshold is calculated to be Th = 12 %, which is
more in line with experimental findings (Hakansson et al., 2010;
Kurzhals, 1977; Lander et al., 2000).

3.5. Formation of free radicals

Several authors have used versions of the so-called Weissler reaction
(Weissler et al., 1950) to measure cavitation intensity in HPHs (Floury
et al., 2004; Lander et al., 2000; Shirgaonkar et al., 1998). The method
measures the free radicals formed due to cavitation implosions. These
studies typically find an increase in free radical formation with ho-
mogenizing pressure and a decrease with increasing Thoma number
(Floury et al., 2004; Lander et al., 2000; Shirgaonkar et al., 1998).

As discussed in Section 2.8, the hot-spot theory suggests that free
radical formation is driven by the high implosion temperatures and high
pressures inside of the vapour bubble at collapse, in combination with
the chemical composition. Fig. 11 displays the maximum temperature,
Tg max, and pressure, pg max, as functions of homogenizing pressure and
Thoma number. The maximum bubble temperature has a relatively
weak dependence on homogenizing pressure (Fig. 11A) and a small
increase with Ap above 20 MPa. More noticeably, Tgmax, decreases
rapidly down to ~300 K if increasing the Thoma number above ~3.5 %
(as expected from how this prevents any catastrophic implosion, see
Section 3.2). The maximum implosion pressure decreases somewhat
with increasing homogenizing pressure (Fig. 11C). Moreover, the sup-
pression of implosion when applying a backpressure is also evident from
DPB,max (Fig. 11D).

Fig. 12A and B display the resulting mole fraction of the hydroxyl
radical as a function of homogenizing pressure (Fig. 12A) and Thoma
number (Fig. 12B). The concentration of hydroxyl radicals decreases
slightly with increasing homogenizing pressure and increases rapidly
with increasing Thoma number.

However, the mole fraction describes what is generated in a single
bubble collapse. The hydroxyl radical performance, P,oy (mole fraction
multiplied with number of vapour bubbles, see Eq. (20), can be seen in
Fig. 12C and D. As seen in Fig. 12C, the free radical performance of the
HPH valve increases with homogenizing pressure until leveling off at
approximately 25-30 MPa (i.e., at a relatively high homogenizing
pressure for this valve design). Moreover, the free radical performance is
predicted to decrease with Thoma number, until being supressed at a
sufficiently high Th. Note that since the analysis in this section is based
on the external pressure profile from model I, this critical Thoma

C

Th =20 %

R
2.0

Fig. 10. Contours of reduced pressure, (p-pvap)/P2, of a HPH valve operating at Ap = 26 MPa at three different Thoma numbers (Th =1 %, 5 % and 20 %), overlayed
with examples of particle trajectories. (Figure only shows the gap and outlet chamber; the reduced pressure is substantially higher in the inlet chamber, and thus, no

cavitation takes place here, see Riitten and Hakansson (2025).
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Fig. 11. Maximum bubble temperature, Ty (A-B), and bubble pressure, pg (C-D), as a function of (A, C) homogenizing pressure, Ap (at Th = 1 %), or (B, D) Thoma
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Fig. 12. Predicted formation of free radicals as a function of operating conditions. A-B) Mole fraction of the hydroxyl radical, X.on, as a function of (A) homogenizing
pressure, Ap (at Th = 1 %), and (B) as a function of Thoma number (at Ap = 20 MPa). Hydroxyl radical load, L.oy, as a function of (A) homogenizing pressure, Ap (at

Th = 1 %), and (B) as a function of Thoma number (at Ap = 20 MPa).

number is very low. It should also be noted that the increase in hydroxyl
radical creation with homogenizing pressure and the suppression when
applying a backpressure is (qualitatively) in agreement with experi-
mental findings discussed by, for example, Floury et al. (2004) and
Shirgaonkar et al. (1998). Another observation is that the local maxima
become less pronounced when considering the number of vapour bub-
bles (similarly to what was seen in Section 3.4).

Here it should be noted that some concerns have been raised against
using free radical formation as a measure of cavitation intensity in
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hydrodynamic cavitation (Morisson and Hutchinson, 2009), due to
spurious results which could be due to consumption reaction(s)
(Gutierrez et al., 1991). Note that these effects are not included in
Fig. 12, which presents the predictions based on the assumption that the
mole fraction of the hydroxyl radical seen exiting the HPH is directly

proportional to that formed in equilibrium at the most violent vapour
bubble collapse.
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3.6. Towards predictive modelling of HPH valve cavitation

The long-term objective of our endeavours is to allow for model-
based design to optimize HPH operation and valve design. This re-
quires a set of models that can predict inception, extent and intensity of
cavitation as a function of operating parameters, fluid properties, and
valve geometry. In the light of the current study, it is interesting to
discuss to what extent this has been achieved and what remains for
future studies.

From the discussion above, we argue that the modelling framework
captures realistic trends compared to what has been observed in
experimental studies. For example, the CFD model connected to a
macroscopic cavitation model (Riitten and Hakansson, 2025) predicts
that cavitation inception is, mainly, controlled by Thoma number.
Moreover, the model predicts that the Thoma number shifts the region
where cavitation-induced microjets occur in a manner that is consistent
with experimental studies on wear.

The modelling framework also predicts an increase in cavitation
intensity with homogenizing pressure and a decrease with Thoma
number (Sections 3.3-4). This agrees with a number of previously re-
ported experimental studies. Moreover, the model can also reproduce
the previously reported trends in free radical formation with homoge-
nizing pressure and Thoma number (Section 3.5), at least qualitatively.
The finding that the cavitation-induced kinetic energy dissipation rate is
substantially lower than the dissipation rate of TKE also helps explain
previous experimental studies showing that cavitation does not aid in
emulsion drop breakup in HPHs (Gothsch et al., 2016; Preiss et al., 2022;
Schlender et al., 2015). Moreover, the finding that extensive cavitation
shifts the macroscopic jet, making it detach from the forcer wall, can
help explain why these experimental studies see a decreasing breakup
efficiency in the presence of extensive cavitation in HPHs.

However, before concluding that the proposed modelling framework
can be applied in a model-based design workflow, further experimental
validation is desired. As noted above, assumptions are employed and
fitting constants are used in deriving the modelling framework, for
example in employing the hot-spot theory for free radical formation
(Section 2.8), in the choice of the initial gas bubble radius (Section 2.5),
and in the modelling of external pressure fluctuations (Section 2.4).

Unfortunately, it is not straight-forward to design such experiments.
Although several methods have been proposed for quantifying cavita-
tion, it is difficult to link the methods directly to cavitation intensity in
the HPH. For example, for the abovementioned free-radical based
method, experiments suggest that there are simultaneously occurring
consumption reactions, alternatively free radical formation is too low to
give rise to a sufficiently high signal-to-noise ratio (Beekwilder and
Sevrell, 2025; Morisson and Hutchinson, 2009). For ultrasonics-based
methods, there have been reports that extensive cavitation attenuates
the implosion sound waves and, thus, the measured ultrasonic ampli-
tude might not be a good indication of cavitation above a certain critical
extent of cavitation (Franc and Michel, 2005; Hakansson et al., 2010).
Continued development of experimental strategies to validate the
modelling framework suggested here will be an interesting continuation
of the present contribution.

4. Conclusions

This contribution applies a method for modelling cavitation intensity
in HPH to understand some apparent contradictions in the literature on
cavitation in HPHs. In summary:

e Whereas the extent of cavitation (e.g., volume fraction of vapour
accumulated in the valve) decreases with homogenizing pressure (if
keeping Th constant), the cavitation intensity (i.e., the rate of energy
dissipation due to microjet implosion following bubble implosion)
increases with homogenizing pressure. Since it is cavitation bubble
implosions that drive wear, ultrasonic emissions, droplet breakage
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and free radical formation, this helps explain why experimental in-
vestigations typically find an increase in cavitation signal with ho-
mogenizing pressure.

Cavitation number has often been used to describe both extent and
intensity of cavitation in HPHs. However, the results above indicate
that, whereas cavitation number is a suitable measure of cavitation
inception and extent (Riitten and Hakansson, 2025), it cannot
(alone) describe cavitation intensity.

For the HPH, the dissipation rate of energy due to bubble implosion
is orders of magnitude lower than the dissipation rate of turbulent
kinetic energy in a HPH, even if the HPH is operated to give extensive
cavitation. This contrasts with devices operating at much lower
pressures (compared to HPH) where cavitation is seen to control
breakup. This helps to explain why extensive cavitation in HPH has
not been seen to aid in drop breakup in previous experimental
studies.

e When the HPH is operated with a backpressure, this not only reduces
the extent of cavitation (i.e., number of cavity implosions), but also
influences the intensity of each cavity collapse (i.e., it influences
cavitation intensity). Results suggest that the cavitation intensity
initially increases with increasing backpressure. However, when a
critical level is reached, the pressure fluctuations become too low in
comparison to the backpressure, thus, preventing any implosions
altogether.

Combined with a hot-spot theory approach, the methodology can
also be used to predict free radical formation, and the observed
trends are (qualitatively) consistent with those seen in previously
published experimental studies.

The presented approach and framework will be useful for practicing
engineers and researchers interested in developing predictive models for
simulating performance of HPH for variety of applications.
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