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A B S T R A C T   

The present work addresses the correlation of bisphenol A (BPA) degradation by hydrodynamic cavitation with 
the fluid mechanical properties of the cavitating jet in the reactor. The effects of inlet pressure and two orifices 
were investigated. The fluid mechanics conditions during the reaction were evaluated by optical measurements 
to determine the jet length, bubble volume, number of bubbles, and bubble size distribution. In addition, 
chemiluminescence of luminol is used to localize chemically active bubbles due to the generation of hydroxyl 
radicals in the reactor chamber. The correlation between the rate constants of BPA degradation and the me
chanical properties of the liquid is discussed. Here, linear dependencies between the degradation of BPA and the 
volume expansion of the bubble volume and chemiluminescence are found, allowing prediction of the rate 
constants and the hydroxyl radicals generated. BPA degradation of 50% was achieved in 30 min with the 1.7 mm 
nozzle at 25 bar. However, the 1 mm nozzle has been demonstrated to be more energetically efficient, achieving 
10% degradation with 30% less power per 100 passes. There is a tendency for the number of small bubbles in the 
reactor to increase with smaller nozzle and increasing pressure difference.   

1. Introduction 

The effect of hydrodynamic cavitation (HC) is well known in the field 
of fluid mechanics. Cavitation is responsible for the erosion of ship 
propellers, pumps and water turbines, for instance [1–3]. The phe
nomenon occurs due to an increase in flow velocity leading to a decrease 
in local pressure. The decrease in local pressure down to vapour pressure 
results in the formation of vapour and gas filled bubbles. When the 
pressure increases, bubbles implode [4,5]. 

The collapse of the bubbles causes locally extreme temperatures, 
pressures, and heat transfer with high physical stress to materials in the 
fluid and near to surfaces (so-called microjet) [2,6]. The collapse of 
cavitating bubbles creates hot spots [7], which cause cleavage of water 
molecules, thus forming hydroxyl radicals Eq. (1). The radicals possess a 
high oxidation potential [8], which enables the radicals to attack 
organic pollutants in water and degrade them over multiple oxidation 
steps [9] to form lower molecular weight compounds [10,11]. 

H2O ̅̅̅̅̅̅̅̅̅→
)))

⋅OH + ⋅H (1) 

Besides the formation of radicals, the implosion of collapsing bubbles 
generates strong pressure waves, which in turn are used for physical and 
chemical processes such as emulsification [12,13], biodiesel synthesis 
[14], biomass pre-treatment [15], disinfection [16,17] and treatment of 
waste water and real industrial effluent [18,19]. 

Hydrodynamic cavitation used for the treatment of contaminated 
water has attracted much attention in recent years. In water treatment 
technology, other processes such as ozone [20,21], Fenton [22,23], 
photocatalytic oxidation [24,25] and ultrasound are widely used 
[26–28]. All of these processes, including hydrodynamic cavitation, are 
classified as advanced oxidation processes (AOP). 

Reasons for the lack of attention to cavitation are the relatively low 
degradation performance [29] and the very complex fluid mechanical 
properties of the bubbles [30], which are not yet understood in detail. 
However, it is known that thermodynamic state variables such as pres
sure and temperature have a large influence on the bubble dynamics, but 
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also the type of cavitation generator, e.g. venturi or orifice plate, and the 
reactor geometry, the gas fraction and the materials to be degraded. The 
influence of these parameters is complex and interdependent [31]. 
Nevertheless, processes using hydrodynamic cavitation have some ad
vantages, such as low production cost of cavitation equipment [32], easy 
scale-up, no addition of other chemicals, and the possibility of combi
nation with other processes [33,34]. 

The research groups of Pandit and Gogate published numerous 
studies on the use of HC in water treatment with various pollutants and 
equipment. In an early work, they optimized the parameters of pressure 
and geometry of an orifice [35]. In addition, research was conducted in 
[36,37] for optimized cavitation degradation for many pollutants, 
studies to increase the efficiency and conversion in the HC process, and 
HC in combination with other AOPs [38–41]. In most cases, venturi 
nozzles or orifice plates have been used as cavitation generators. 

During the investigations, optimum values for geometric variables 
and process conditions could be specified for the related configurations. 
Pandit et al. found an optimum inlet pressure at p1 = 4 bar to p1 = 6 bar 
with an outlet pressure of nearly ambient pressure. Dular et al. uses 
different systems to generate HC (Venturi, shear induced HC reactor) 
[19]. The experiments were carried out with a ‘shear-induced’ cavita
tion reactor and a venturi set-up with restrictions from d = 15 mm to d =
1 mm. It was observed that HC is suitable for removal of pharmaceuti
cals and cyanobacteria with pressure levels below Δp = 10 bar. Angaji 
et al. used for water decontamination of dimethylhyrazine a multi hole 
orifice system [42]. At inlet pressure of p1 = 6.5 bar and a downstream 
pressure of p2 = 3 bar optimal degradation of the pollutant takes place. 
After 120 min treatment time 98.6% of dimethylhydrazine was 
degraded. In summary, it can be noted that the publications of all groups 
dealing with water treatment by HC use inlet pressures below p1 = 10 
bar. 

In the present paper, a higher pressure range from Δp = 10 to Δp =
30 bar is investigated. In addition to analysing the pressure dependence, 
the effects of different sized orifice diameters are also explored. In 
addition, as a novelty, a relationship between the mechanical properties 
of the cavitating flow, in particular the extent of jet cavitation and the 
bubble characteristics in the reactor, and the degradation differences are 
investigated. 

Optimal operating points of strongest cavitation with glass venturi 
tube were determined by Soyama and Hoshino using optical images of 
bubble fields and measurement of acoustic power and luminescence 
[43]. For this purpose, a range of p1 = 4 to p1 = 6 bar was employed for 
the inlet pressure and a range of p2 = 1.2 bar to p2 = 3 bar for the outlet 
pressure. It was found that maximum cavitation intensity occurs when a 
suitable ratio of inlet and outlet pressure is set. The optimum down
stream pressure increases with increasing inlet pressure. For p1 = 6.0 
bar, an optimum downstream pressure of p2 = 2.3 bar was determined. 
The luminescence results showed a maximum at the same operating 
point. 

Schlender et al. also applied optical methods for the acquisition of 
chemiluminescence. Using this method, the flow reactivity or the in
tensity of hydrodynamic cavitation at different pressures upstream and 
downstream of the nozzle can be analysed [44]. They used a two-stage 
nozzle system for homogenization processes of oil droplets in water. 
Bubble collapse intensity measured by chemiluminescence was corre
lated with emulsification results. The method of chemiluminescence, as 
used by Schlender et al. is a well-known application that visualizes ul
trasonic fields [45]. In this method, the luminol molecule is excited to 
emit light by reacting with hydroxyl radicals, thus visualizing reactive 
regions in the flow. 

In comparison with the above studies in aqueous systems, the effects 
of cavitation in valves and chokes of hydraulic systems were investi
gated by optical methods [46,47]. Here, for different pressure levels, the 
numerous gas bubbles generated by HC could be measured by their size 
and distribution. Effects due to outgassing have an influence on the 
degradation of substances [30,48]. 

In this study, BPA is used as a model substance for organic pollutants 
at low concentration (0.25 µmol/l). BPA is produced in large quantities 
for industrial use in plastics and epoxy resins [49]. Due to its wide range 
of applications, BPA is ubiquitous in water bodies. BPA exhibits rela
tively high stability to microorganisms and is poorly degraded in 
wastewater treatment plants [50]. BPA is hazardous to aquatic animals 
and to humans because it is known to be an endocrine disruptor [51,52]. 
The development of efficient elimination processes is therefore an 
important necessity. 

In the literature, there are studies with different methods for the 
degradation of BPA. The AOP related treatments for BPA are performed 
with single methods and combinations of techniques by photodecom
position – effective in TOC reduction and BPA degradation of 95% over 
hours [53], ozone – BPA degradation as a function of ozone doses, 
possibility of fully reduction [21], electrochemical oxidation combined 
with acoustic cavitation – reduction of 90% in 30 min [54] or with 
chlorination [55], Fenton process with and without additional sono
chemical treatment [23], a combination of HC and persulfate oxidation 
– optimal pressure of 5 bar over 2 h with 89,7% degradation [32]. Others 
conducted studies using only acoustic cavitation – with high COD and 
TOC reduction rates over 50% and 80% by 1,7 MHz [56] and treatments 
of 1 h by 300 kHz resulting of fully degradation in 1 h using 150 ml [57]. 
In [58] only HC with optimal pressure of 3 bar is used. After treatment of 
3 h using a multi hole plate with d = 1 mm (orifice) 27,6% BPA 
reduction was achieved. For continuous treatment of water contami
nated with BPA, HC with a relatively high flow rate is the most practical. 

The novelty of this work presented here is the connection of the fluid 
mechanical properties of hydrodynamic cavitation in a higher pressure 
range compared to the literature. For this purpose, the properties of the 
cavitating jet, bubble characteristics and chemiluminescence are 
correlated with the degradation rates of BPA in water. Most studies use 
the methods presented above and optimize the process in terms of 
degradation performance. However, the degradation rate directly de
pends on the spatial distribution and the size of the bubbles, which are 
generated in-situ in the respective reactor. 

In this study, the cavitation jet, generated by the single orifice plate, 
and the bubbles in the reactor chamber are analysed using optical 
measurement techniques. For this purpose, optical images are acquired 
in the reactor using laser light sheet and high-speed camera. For the 
chemiluminescence of luminol long-term exposure images are recorded. 
The spatial bubble distribution shows the cavitation region, while the 
chemiluminescence reveals location of flow reactivity. In addition, the 
results of the degradation of bisphenol A (BPA) with HC are presented. 
At the end, the connection of BPA degradation and fluid mechanical 
properties of the jet is discussed. The aim of this study is showing cor
relations between the behaviour of the bubble field and the pollutant 
degradation by HC, which will lead to a better understanding of the fluid 
mechanical influence parameters in hydrodynamic cavitation for water 
treatment. 

2. Material and methods 

2.1. Chemicals 

All chemicals were used as received without any further purification. 
Bisphenol A (4-[2-(4-Hydroxyphenyl)propane-2-yl]phenol, 97% pu
rity), was purchased from Alfa Aesar and luminol (5-Amino-2,3-dihy
dro-1,4-phthalazinedione) (>95% purity) from AppliChem. Sodium 
carbonate (>99% purity) were purchased from Merck and methanol 
(HPLC-grade) was supplied by VWR. Deionized water (3 μS cm− 1) was 
used for the preparation of BPA-solutions and ultrapure water (Λ =
0,062 μS cm− 1) for HPLC measurement. 

2.2. Experimental setup 

Experiments were performed in a circular flow system (Fig. 1). The 
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setup comprises a high-pressure pump (HydraCell G03K, Verder, Ger
many), two pressure gauges (inlet pressure p1 before the orifice and 
pressure p2 at the outlet of the reactor), a flow meter, the cavitation 
reactor and an open tank with a cooling coil inside. The pressure dif
ference Δp is calculated by Δp = p1 – p2. The temperature is set on a 
constant value of T = 20 ± 2 ◦C by a refrigerated circulator (FP 50, 
Julabo, Germany). 

The cavitation reactor consists of a cylindrical coaxial orifice with a 
reaction chamber out of a glass cylinder. A sketch of the reactor is shown 
in Fig. 2. In the present investigation, two orifices with different diam
eter d (1.0 mm and 1.7 mm) were used. The pipe in front of the orifice 
has a diameter of 10 mm. The diameter of the reactor chamber is D = 15 
mm. Downstream the reactor, the pipe is of the same size as the supply 
pipe. The dimensions of the reactor are summarized in the table of Fig. 2. 

The investigations were performed in pressure differences from Δp 
= 10 bar to a maximum of Δp = 30 bar. The Reynolds number Re and the 
cavitation number Ka are used to characterize the flow Eq. (2): 

Re = w0 d/ν Ka = (p∞ − pv)/Δp (2) 

In the calculation of dimensionless numbers, w0 stands for velocity at 
orifice exit, ν for the viscosity, pv for vapour pressure of water and p∞ for 
ambient pressure. 

For BPA degradation experiments a volume of V = 500 ml of BPA 
solution (c0 = 0.25 µmol/l) was filled in the system circuit. Because of 
mixing and filling all pipes, the pump was run for t = 30 s at low power 
with no cavitation occurring. After this, the first sample was taken for 
determination of the initial concentration. A sample has been taken out 
of the tank at t = {0; 5; 10; 15; 30} minutes. It amounted to approx. Vn =

1 ml for one test sample. The sample was analysed by HPLC without any 
further treatment. In addition, experiments without orifice for 1.5 h at 
operating flow conditions showed no degradation or adsorption effects 

of BPA. 

2.3. Bisphenol A analysis 

HPLC measurements for determination the BPA concentration were 
carried out on a HPLC System (HPLC 2000, Jasco, Japan), equipped with 
a fluorescence detector (FP 2020, Jasco, Japan). For the separation, a 
Kromasil C18 (250 mm × 4.6 mm × 5 µm) column was used and for 
fluorescence detection an excitation wavelength of λ = 275 nm and 
emission wavelength of λ = 305 nm was chosen. The eluent consisted of 
two components: A (ultrapure water) and B (methanol) with ratio of A:B 
37.5:62.5 (v/v). The analysis was performed at a flow rate of V̇ = 1.5 ml 
min− 1, a column oven temperature of T = 40 ◦C and V = 50 µl of sample 
was injected into the column. The retention time of BPA was t = 6 min. 
The limit of detection (LOD) was calculated to be 0.47 nmol/l and the 
limit of quantification (LOQ) to be 1.41 nmol/l. 

2.4. Visualization of oxidative species by chemiluminescence 

For the visualisation of the oxidative species, V = 500 ml of an 
alkaline luminol solution (c = 2.0 g l− 1 of luminol, c = 5.0 g l− 1 of 
Na2CO3, pH = 10, V = 1 ml of hydrogen peroxide solution (30%)) was 
filled in the system circuit. The chemiluminescence was recorded in 
darkness with an SLR camera (Canon EOS 1100D, EF-S 18–55 mm IS II 
lens) at an exposure time of tb = 10 min (ISO 800, 35 mm, F/5.6. The 
distance between the reactor and the camera sensor was lc = 358 mm. 
All images were processed equally as it was done in [31]. The images are 
transformed to binary images evaluating the extent, area and volume of 
chemiluminescence. For this purpose, a threshold value was defined in 
such a way that occurring image noise was minimized and the intensity 
of the emitted light was increased. Specifically, a template was created 
for an image with high noise and low emitted light and applied to all 
other images. This ensures comparability. The white pixels, generated 
by the binary image, represent the region where light was emitted. This 
corresponds to the area of chemiluminescence. The conversion to binary 
images leads to the loss of the information about the intensity distri
bution of the area. With the assumption of a symmetrical formation of 
the cavitating jet, a volume of chemiluminescence can be determined 
from the area. 

2.5. Measurements of fluid mechanical properties by optical methods 

The experimental setup, primarily consisting of the orifice and the 
reactor chamber, are identical for both, the degradation experiments, 
and optical measurements. However, for making high-resolution images 
of the gas bubbles in the reactor some adaptations had to be made. To 
minimize refraction due to the curvature of the cylinder wall, a 
quadratic chamber was mounted around the reactor and it was filled 
with glycerine (85%). For the imaging, a camera was mounted on an 
optical bench in front of the reactor. Due to the short exposure times 
required, a Nd:YAG laser was used as the illumination source, which 
brought a light sheet perpendicular to the image-capturing plane into 
the reactor. At the bubble-liquid-interfaces, light is reflected. Therefore, 
the brightness of the images increases with the bubble density. Because 
of this fact, the lighting by diffuse reflection varies for different flow 
conditions. For the evaluation of the jet length and the determination of 
the bubble size 800 images with an acquisition time of tb = 25 µs were 
taken for each measurement. For image, processing the software ImageJ 
was used. 

To identify the jet length, an averaging of the 800 grey scale images 
was carried out and adjusted by means of a threshold value. The 
threshold has been defined to minimize image noise and to reveal a 
bubble field on each image. The unprocessed captured B/W image has 
low brightness, so the maximum grayscale value is at most half the 
highest brightness value. 

Fig. 1. Experimental setup for investigations on hydrodynamic cavitation. The 
setup consists of a pump with frequency controller (1), inlet pressure gauge p1 
(2), glassy cavitation chamber with orifice (3), pressure gauge p2 at reactor 
chamber outlet (4), temperature probe (5), volumetric flow meter (6) and an 
open tank with a cooling system (7). 

Fig. 2. Sketch of the cylindrical cavitation reactor with length L and diameter D 
including the size of the stainless steel orifice integrated in the supply pipe with 
diameter d and thickness s. Dimensions are given in the table on the right. 
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The determination of the bubble size and number was conducted in 
an area next to the jet, which was located in the recirculation area [48]. 
In this area, the velocity is smaller by a factor of 10 and the bubble 
density is low enough to obtain sharp images for every investigated 
pressure level. The bubbles are identified with ImageJ, counted and 
classified by diameter. The evaluation presented in Section 3.2 shows 
the average number of bubbles with a certain diameter range per image. 

3. Results and discussion 

3.1. Cavitating jet 

The method of laser light sheet imaging reveals the structure and size 
of the cavitating jet sharply by short exposure times. To characterize the 
flow in the reactor at different operating points with the respective 
pressure differences, the dimensionless numbers Re and Ka calculated by 
Eq. (2) are listed in Table 1. 

Accordingly, the flow is to be considered highly turbulent and 
therefore underlies strong temporal and spatial fluctuations. Fig. 3a and 
b show images of the cavitating jet with orifice d = 1 mm and d = 1.7 
mm at Δp = 30 bar with an exposure time of tb = 25 µs. For a better 
assessment of the jet properties, the images were increased in brightness 
and contrast. Those images are used for further evaluation regarding the 
length of the jet, bubble amount and size. 

Regions with a high bubble density are brighter compared to regions 
with low density or without bubbles. This is a result of light scattering at 
the gas-liquid interphase of the bubbles. Fig. 3a and b moreover illus
trate that the bubbles collapse after a certain length x from the orifice 
exit. The length and volume of the bubble field strongly depend on the 
pressure and the diameter of the orifice. For this purpose, instantaneous 
images for different boundary conditions, varying pressure and orifices, 
were recorded. The images illustrate typical jet features, such as the 
formation of a shear layer, as well as small scale and large-scale vortex 
structures. 

Fig. 4 shows processed images by thresholding which have been 
averaged from 800 instantaneous frames from the configuration with d 
= 1 mm varying pressure difference Δp. The captured black area rep
resents the area of the cavitating jet, which are presented for different 
pressure levels. 

From these images, which have been all processed in the same way, 
volume (V) and depth of penetration (l) of the cavitation cloud is 
determined. 

It becomes apparent that with rising pressure p1, the ratio of l / 
d (length of jet normalized with the corresponding orifice diameter) 
increases, representing the bubble cloud. Looking at the length ratio, a 
roughly linear increase of the length of the cavitation area occurs up to a 
pressure of Δp = 25 bar. After that pressure level, the length ratio barely 
increases. The limited chamber volume of the cavitation reactor signif
icantly dampens the expansion of the jet at high-pressure levels. The 
limitation of the expansion of the bubble area by the wall boundary 
becomes dominant with increasing inlet pressure and with increasing 
orifice diameter. 

In order to generalise the results, the effect of changes in operating 

conditions are measured by quantities of momentum, hydraulic power 
and energy of the jet. The momentum flow İ, the power P and the energy 
E of the jet with Δp = 0.5 ρ w2

0 depend again on measured physical 
quantities such as volume flow V̇, pressure difference Δp between p1 and 
p2 and treatment time tt: 

İ = ṁw0 V̇
̅̅̅̅̅̅
Δp

√
V̇2 (3)  

P =
ṁ
2

w2
0 = V̇Δp V̇3 (4)  

E =
ṁ
2

w2
0tt = V̇Δptt ttV̇

3 (5)  

with ṁ for the mass flow and w0 as exit velocity of the orifice. The 
momentum, power and energy are largely independent of the reactor 
geometry and this provide an opportunity to compare different config
urations in this study and investigations of other groups. These quanti
ties are important for the assessment of applied resources to achieve 
chemical conversion. In addition, the simplifications in Eqs. (3)–(5) 
illustrate how these basic quantities are dependent on the volume flow. 

For comparing the penetration depth of the cavitation field for d = 1 
mm and d = 1.7 mm, Fig. 5a displays the normalized depth of pene
tration l / d plotted against the normalized velocity w/wn. The bulk ve
locity at the orifice exit is normalized with the minimum velocity wn, 
which represents the state at lowest possible pressure Δp in the reactor 
chamber, where cavitation begins to occur. The beginning of the cavi
tation was evaluated visual and acoustical and the volume flow was 
recorded at this minimum pressure pm in order to determine the mini
mum velocity for normalization. The minimum pressure corresponds to 
pm = 2 bar for both orifice configurations. 

For the comparison with a non-cavitating water jet from literature, 
the calculation of the single-phase flow with the orifice exit velocity wd, 
the low pressure difference of Δp = 10 bar for d = 1.7 mm with a 
relatively low bubble density was used as a reference in order to 
determine the velocity at the end of the cavitation field wl from the 
length of the cavitation field l with the formula 

wl

wd
=

6.2
l

d (6)  

for a single-phase, free jet according to [59]. It was then used as a 
reference velocity where the cavitating bubbles dissolve. From this, the 
length of a single-phase turbulent free jet was calculated. 

The jet penetration depth l normalized with the diameter d of the 
orifice is greater for d = 1 mm compared to the larger orifice d = 1.7 mm. 
Moreover, the slope of the curves shown in Fig. 5a is steeper for the 
smaller orifice. This is also shown by the difference between the growth 
of the normalized jet lengths between Δp = 10 bar and Δp = 25 bar. 
While in this range at d = 1 mm the ratio l / d increases by a factor of 3, 
at d = 1.7 mm the ratio only increases by a factor of 2. 

Comparing the results of both orifice configurations one has to take 
in mind the fact that the penetration length of the jet depends on the 
relation between inertia and friction, representation by the surface area 
and cross-sectional area of the jet. In the occurrence of cavitation, only 
the friction changes, because the bubble formation in the orifice appears 
at the wall and in the shear layer of the jet. This leads to the hypothesis 
that the relation between the penetration lengths is inverse proportional 
to the diameter of the orifice, (l1/d1)/(l2/d2) ~ d2/d1. 

Without the normalisation of the length of visible cavitation by d, at 
same pressure levels the field with d = 1.7 mm would in principle be 
longer compared to d = 1 mm orifice. Because of the limited volume of 
the reactor, the difference of the jet length distance between the two 
orifices Δl decreases with rising pressure. This becomes apparent by 
looking at the length l of each configuration only. From this perspective 
it becomes clear that at Δp = 10 bar the difference between d = 1 mm 
und d = 1.7 mm is larger than at Δp = 25 bar. 

Table 1 
The dimensionless numbers associated with the operating points of the d = 1.0 
mm and d = 1.7 mm orifices: Reynolds number Re and Cavitation number Ka.  

Pressure 
difference Δp in 
bar 

Reynolds number 
Re for d = 1 mm 

Reynolds number Re 
for d = 1.7 mm 

Cavitation 
number Ka 

5 24,620 35,740  0.2 
10 31,410 49,420  0.1 
15 37,290 61,000  0.06 
20 43,170 71,400  0.05 
25 49,050 77,010  0.04 
30 52,650 87,460  0.03  
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When comparing the d = 1 mm configuration with cavitation to the 
calculated values of a single-phase turbulent free jet, significant differ
ences result. Especially the difference with the d = 1 mm orifice is sig
nificant. It can be explained due to the different densities of the single- 
phase and the cavitating multi-phase fluid jet. A single-phase turbulent 
water jet has a higher density than a cavitating jet, due to the high 
amount of bubbles. Because of the reduced mass resulting from the 
lower density of the cavitating bubble jet, the volume accelerates more 
strongly because the inertia of the cavitating bubble volume is lower. As 
a result, the jet penetrates deeper into the reactor. If the inlet pressure p1 
rises, the amount of gas bubbles rises, thus, the length of the cavitation 
field increases. Therefore, it can be assumed that with rising inlet 
pressures the decay rates of the velocity of the jet decreases as the 
amount of bubbles increases. In addition, the length difference between 
the single-phase and the cavitating multi-phase flow with d = 1.7 mm is 
clearly smaller. The reason for this is, on the one hand, the limitation of 
the reactor volume, which prevents an expansion of the cavitation jet. 
This is particularly evident at pressure levels above Δp = 15 bar for d =
1.7 mm and at Δp = 30 bar for d = 1 mm and strongly depends on reactor 

geometry. Another reason should be that for the smaller orifice the 
bubble amount and thus the gas fraction with respect to the volume 
flowing through the orifice is higher than for the larger orifice. The 
bubble amount and sizes are discussed in more detail in Section 3.2 
below. When comparing the cavitating jets with nozzle diameters of d =
1.7 mm at 10 bar and 20 bar pressure difference with jet length mea
surements by Soyama [60], it can be stated that they are almost identical 
at the same cavitation numbers. 

In order to establish a relation between bubble field and degradation, 
it is important to examine the bubbly volume V generated by an applied 
hydraulic power P. Fig. 5b displays the proportion of the volume to the 
reactor volume, V/VR, against the hydraulic power P. At first it is clearly 
visible that with d = 1 mm larger volume fraction of bubbles are pro
duced at lower power levels. The rise between pressure Δp = 5 bar (point 
of lowest power P) and Δp = 25 bar (second highest power) is very 
strong, whereas with d = 1.7 mm the curve has an exponentially 
decaying shape. This is due to the limitation of the volume of the cavi
tation reactor chamber, which becomes also clear with d = 1 mm when 
the pressure exceeds Δp = 25 bar. For d = 1.7 mm it is already noticeable 

Fig. 3. Instantaneous images of a section of the reactor with the entering cavitating jet at Δp = 30 bar gained by laser light sheet method with an exposure time of tb 
= 25 μs. a) d = 1 mm (Re = 52,647; Ka = 0.03), b) d = 1.7 mm (Re = 87,463; Ka = 0.03). Images are brightened and contrasted. 

Fig. 4. Comparison of the length ration l/d of the averaged shapes of the cavitation field at different pressure Δp for d = 1 mm acquired by using a laser light sheet 
method (averaged shape obtained from 800 instantaneous frames per pressure level). 
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when the pressure rises above Δp = 15 bar. By the limitation, the jet is 
strongly narrowed with the larger orifice, which resembles with a 
resistance. This leads to stronger circulation, the pressure gradient in the 
direction of the jet is steeper and the shear must be higher. This should 
lead to higher degradation. 

It has to be mentioned that the averaged shadow images with a fixed 
threshold value are narrower in the area after the orifice for pressures 
above Δp = 20 bar in the configuration with d = 1.7 mm and therefore 
the area is smaller, which is directly reflected in the volume of the 
cavitating jet. Therefore, these values should be treated with caution. 
The data provide information on trends and global effects. Exact state
ments about the quantity are inappropriate with this method. 

3.2. Amount of bubbles and distribution of bubble size 

To determine the local conditions of the cavitating jet, the amount 
and size of bubbles are of great interest. The difficulty of determining 
these values lies in the physics of the jet, because the jet consists of very 
small and fast moving bubbles. This results in a strongly overlap of 
bubbles in the images. The difficulty of directly determining these values 
in the jet is discussed in [48]. For the estimation of the dependence of the 
bubble size and amount on the inlet pressure it is, however, possible to 

observe them in the recirculation area next to the jet. Reference is made 
to the results in [48]. 

It was found that for both orifice configurations, with increasing inlet 
pressure the total number of bubbles increases, shown in Fig. 6. In the 
tabular listing below the bar graph, the number of bubbles for three 
different classes of bubble diameters are displayed. It can be seen, that 
the amount of bubbles is much higher for the d = 1 mm compared to d =
1.7 mm. The main contribution comes from the change of bubbles in the 
class smaller than db = 50 µm. It increases for the smaller orifice by 
rising pressure significantly but not so strong for d = 1.7 mm. This has a 
great impact on the amount at all. In Fig. 6 the listing shows, that almost 
no bubbles with diameters db > 0.175 mm occur for d = 1 mm and 
pressures levels above Δp = 20 bar, but for d = 1.7 mm bigger bubbles 
are formed. The coalescence rate is higher for the larger orifice due to 
the stronger shear since the volume of the reactor limits the expansion of 
the jet. 

The following hypotheses can be derived from the expectations of the 
flow:  

I) The degradation should rise by increasing inlet pressure, since 
volume flow increases and thereby the minimum pressure in the 
orifice decreases, resulting in more and smaller bubbles and thus 

Fig. 5. Expansion of the cavitation field illustrated by penetration length and the bubble volume. a) Normalized depths of jet penetration l / d for the configuration 
with d = 1 mm and d = 1.7 mm plotted over the normalized velocity w/wn. The curve of 1 mm* and 1.7 mm* shows the calculated length of a single-phase water jet 
[59]. b) Cavitation cloud volume of the cavitating jet V assuming rotational symmetry, normalized with the reactor volume VR, over the hydraulic power P for both 
orifice configurations. Data from processed images gained by laser light sheet method (averaged images from 800 instantaneous frames). Points connected by linear 
trend lines. 

Fig. 6. Display of amount and size of bubbles according to three different categories of diameter for the configurations studied. The number N represents the number 
of bubbles per image averaged from 800 single frames. 
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leading to a stronger bubble collapse with locally higher pressure 
and temperature. In addition, more fluid is treated in time.  

II) The limitation of the expansion of the jet at d = 1.7 mm leads to a 
stronger pressure increase in the direction of the main flow, 
which in turn influences the bubble implosions. Due to this vol
ume limitation, the flow mixes more strongly, especially at high 
inlet pressures for the bigger orifice. Higher shear and degrada
tion rates should be expected. On the other hand, the limitation 
results in an increase of the intensity of recirculation and thus 
coalescence of the bubbles, which can lead to larger bubbles 
reducing degradation. There is an operating point where degra
dation occurs efficiently.  

III) A larger orifice diameter provides a higher volume flow. More 
volume per time can be treated by cavitation. This leads to a 
higher conversion in a certain time but requires more power. 

3.3. Chemiluminescence of luminol 

Cavitation bubble collapse in water lead to formation of radicals such 
as ⋅OH [7]. A spatial distribution of hydroxyl radicals is required for a 
more precise analysis of the conversion areas in hydrodynamic cavita
tion. For this purpose, the light emission of luminol reacting with hy
droxyl radicals is used. The blue light emission during this reaction is 
called chemiluminescence. Fig. 7 shows the chemiluminescence of 
luminol with the previously applied two orifice configurations varying 
inlet pressure p1 at constant temperatures. Because of the typically low 
intensity of the luminescence, the exposure time was set to tb = 10 min. 
Additionally, a small amount of hydrogen peroxide was added to the 
solution to increase only intensity, but not the area of 
chemiluminescence. 

The blue luminescence in the images of Fig. 7 show the area, which is 
relevant for oxidation processes. In this case, the luminescence gives an 
evidence of the area where the pollutants are degraded. The intensity 
and extend of the luminescence area rises with increasing inlet pressure 
for d = 1 mm and for d = 1.7 mm. Moreover, the area of chem
iluminescence is wider at same pressure for d = 1.7 mm than for d = 1 
mm since the volume flow is greater and thereby the more energy is 
provided. The change in chemiluminescence with varying orifice 
diameter and pressure follows the results from the cavitating jet length 
measurements. 

Fig. 8 shows the comparison of the volume of chemiluminescence 
induced by cavitation for two different orifice diameters. Analogue to 
Fig. 5b, the fraction of the volume of chemiluminescence to the volume 
of the cavitation reactor is plotted over the hydraulic power P, as 
established in [48]. In the evaluation of these images, only the area is of 
interest and not the intensity distribution or luminous intensity. 

Fig. 8 clearly shows a dependence on the applied power and the 
orifice diameter used. The greater the hydraulic power input, the greater 
the differences between the configurations. In comparison, especially at 
high-pressure levels larger volumes of chemiluminescence are obtained 
with the configuration d = 1.7 mm applying the same power. When 
comparing the results obtained in this study with those from [48], only 
slight differences can be seen. In most cases, the volume ratios from [48] 
are larger. Among other things, this is due to the fact that a more light- 

Fig. 7. Image section of the reactor chamber with chemiluminescence of luminol induced by hydrodynamic cavitation on rising pressure level Δp. Configuration d =
1 mm a)–d): a) Δp = 10 bar, b) Δp = 20 bar, c) Δp = 30 bar and d) Δp = 40 bar. Configuration d = 1.7 mm e)–g): e) Δp = 10 bar, f) Δp = 20 bar and g) Δp = 30 bar. 
Solution made of luminol c0 = 2 g/l, hydrogen peroxide 1 ml (30%), pH 10, exposure time tb = 10 min. Contrast and brightness in the images edited (different 
brightness for d = 1 mm and d = 1.7 mm in these images). 

Fig. 8. Comparison of the strength of chemiluminescence of luminol induced 
by hydrodynamic cavitation for two different orifice configurations, d = 1 mm 
and d = 1.7 mm, as a function of hydraulic power P; at constant temperature of 
T = 20 ◦C varying pressure levels from Δp = 10 bar to Δp = 40 bar in steps of 
10 (for d = 1.7 mm only Δp = 10 bar to Δp = 30 bar). V/VR corresponds to the 
fraction of volume of chemiluminescence to the volume of the cavitation 
reactor. Points are connected linear. Comparison with results from litera
ture [48]. 
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sensitive objective was used in [48] and the luminol solutions differed 
slightly. In principle, the curves have a similar tendency. 

The volume of chemiluminescence is identical only in the low power 
range for both orifices. Similar to [48], there is one point, potentially a 
second, where similar volumes are achieved with the same hydraulic 
power input. The first point can be found for d = 1 mm at Δp = 20 bar 
and d = 1.7 mm at Δp = 10 bar. This point is now referred to operating 
point A. The second operating point can be assumed at d = 1 mm with 
Δp = 30 bar and d = 1.7 mm with Δp = 15 bar. This point is labelled as 
operating point B. Unfortunately, this point was not measured and does 
not exists for the configuration of d = 1.7 mm in Fig. 7. Nevertheless, in 
Fig. 5b, a similarity can be seen at the same power applied. These two 
operating points are further of interest when considering the BPA con
version rates, where the two orifices are used at same applied power and 
similar volume proportions of jet length and chemiluminescence. Ac
cording to Fig. 6, the strong differences in bubble size and amount 
should then come to the focus. 

However, it also becomes clear that the larger the orifice, the more 
activation energy is required for a reaction of luminol with hydroxyl 
radicals to appear in the form of chemiluminescence. The reason for this 
is that a larger orifice requires more power input to build up a compa
rable pressure, which in turn enables the necessary pressure lowering for 
the formation of cavitation. 

The results of Fig. 8 are only conditionally comparable with the data 
from Fig. 5b regarding the volume ratios. Since the data from Fig. 5 are 
obtained by a threshold method from laser light section images, whereas 
the chemiluminescence images were captured with long-term exposure 
and were finally processed differently. It is also important to note that 
the experimental results obtained here are not comparable with those 
from [48], as the boundary conditions of the experimental arrangement 
differ in decisive points, e.g. objective lens, focus depth, solution 
mixture, temperature level. However, the evaluation methods are 
identical. 

3.4. Degradation of bisphenol A by hydrodynamic cavitation 

In this section, the experiments of BPA degradation by hydrody
namic cavitation are presented. The same configuration of optical 
measurements with identical orifices and pressure levels was applied in 
order to achieve comparability to aforementioned experiments. For the 
chemical analysis of the degradation, the water containing BPA was 
treated with d = 1 mm for tt = 90 min and d = 1.7 mm for tt = 30 min at 
pressure levels Δp = {10–30} bar. The different treatment times were 
chosen to get comparable reactor passes for the different flow at the 
same pressure. In the process, seven samples were taken and analysed. 

The experiments for each operating point were performed three times 
revealing a deviation from mean value of 3–8%. To compare the 
different operating points, the rate constant of BPA degradation was 
determined after a treatment time of tt = 30 min respectively tt = 90 min 
using a pseudo first order kinetic. For the calculation of the pseudo first 
order kinetic, the following rate equation was applied 

ln
(

c(t)
c(0)

)

= − ktt (6)  

with rate constant k, treatment time tt and the initial concentration of 
BPA c(0) as well as the concentration after the treatment c(t). Fig. 9 
displays the dependencies of BPA’s degradation rate k on the pressure 
level Δp and the hydraulic power P. 

For the investigated operating points and configurations BPA could 
successfully degraded by hydrodynamic cavitation. Fig. 9a shows that 
the rate constant k rises with increasing pressure level Δp for both ori
fices linear by trend. At Δp = 5 bar, a significant degradation of BPA was 
not possible to measure after the treatment time of tt = 30 min. 

The rate constant and its increase are clearly higher for d = 1.7 mm 
compared to d = 1 mm. This is due to the different amount of treated 
volume over time. Thus, after tt = 30 min only NVR = 156 reactor passes 
are reached with orifice d = 1 mm compared to NVR = 462 passes with d 
= 1.7 mm. Because of this, the rate constant k is plotted against the 
hydraulic power P in Fig. 9b. The results of rate constants of both orifices 
show the same dependency against hydraulic power and seems to be 
roughly a linear function. Fig. 9b also shows that for the operating points 
investigated in this cavitation reactor, the conversion rate is not 
dependent to orifice geometry and the degradation is proportional to the 
hydraulic power applied. The reasons for a higher or lower degradation 
are discussed in Section 3.5 by adding the results of the optical methods 
to find correlations. 

However, only the highest degradation points have been highlighted 
so far, although this does not have to be the most efficient state. Fig. 10 
displays the ratio of c(t)/c(0) plotted against energy E. This makes it 
possible to compare the energy required for the various configurations c 
(t)/c(0). The configuration with minimum energy input at an arbitrary c 
(t)/c(0) can be considered the most efficient. The energy E is calculated 
by Eq. (5), which involves volume flow, pressure difference and treat
ment time. 

Fig. 10 illustrates the results of degradation to the applied energy for 
both orifice configurations. For d = 1 mm, seen in Fig. 10a, the most 
efficient pressure level is Δp = 25 bar, since the ratio of c/c0 always is the 
lowest of all configurations by applying the same amount of energy. 
However, the difference between Δp = {20, 25, 30} bar is not as sig
nificant as it shown in Fig. 10b for configuration d = 1.7 mm. The ratios 

Fig. 9. Rate constants of BPA degradation calculated by first order kinetic for the configuration with d = 1 mm and d = 1.7 mm. a) Rate constant k against Δp = 10, 
15, 20, 25 and 30 bar. b) Rate constants plotted against hydraulic power P calculated by pressure difference and related volume flow. BPA c(0) = 0.25 µmol/l, T =
20 ◦C, tt = 30 min. 
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of degradation are lower for pressure below Δp = 15 bar. Comparing d 
= 1 mm and d = 1.7 mm, the degradation efficiency is better for the 
larger orifice at the same energy input. For the larger orifice, the best 
results are also achieved at Δp = 25 bar. As a result, using d = 1.7 mm, 
less energy has to be applied for c/c0 = 0.6, which is equal to 40 percent 
of degradation. However, it becomes clear from the curves in Fig. 10b 
that with d = 1.7 mm at Δp = 25 bar and also Δp = 30 bar, significantly 
higher degradation rates are achieved compared to the other configu
rations at lower pressure levels. 

Fig. 9 shows that for the operating points d = 1 mm at Δp = 20 bar 
and d = 1.7 mm at Δp = 10 bar, labelled as A in Table 2, similar rate 
constants can be determined for comparable hydraulic power. The same 
becomes noticeable for d = 1 mm Δp = 30 bar and d = 1.7 mm at Δp =
15 bar, labelled as B. At these distinctive operating points, similar 
degradation rates are achieved by similar power consumption, indi
cating geometric independence. With the use of Fig. 10, the degradation 
rates can be compared to each other. The necessary energy at a fixed 
ratio ct/c0 for the interesting operating points can now be determined. 
Table 2 shows an overview of the energy input for a specific degradation 
for operating points A and B. 

It can be seen that for point A with small orifice (d = 1 mm) less 
energy is required to achieve BPA degradation of 10 percent. Point B 
gives a similar result for BPA degradation of 20 percent, but the differ
ence between both the orifices is lower compared to point A. This means 
that for conditions A and B, it is more efficient to achieve a certain 
degradation with a smaller orifice. 

3.5. Correlation of the results by optical and chemical methods 

In this section, the results of the optical measurements and the results 
of the degradation experiments of BPA are analysed for possible corre
lation. In order to answer the question concerning the similarity of the 
results achieved by the different methods, Fig. 11 shows the degradation 
of BPA in 100 reactor cycles over the normalized volume of the bubble 

cloud from Fig. 5b and over the chemiluminescence volume from Fig. 8. 
The influence of different volume flows is eliminated by normalizing 

the degradation to 100 reactor passes. The treated volume is therefore 
the same, only the treatment time is different. Fig. 11 shows the curves 
for the two orifices that were investigated. At first, it is evident that with 
increasing inflow pressure the degradation as well as the volume 
determined by optical images increases. 

Fig. 11a shows an increasing dependence between degradation and 
bubble field volume for d = 1 mm, whereas for d = 1.7 mm the increase 
reduces with increasing pressure. The shape of these plot is similar to 
Fig. 5b. The correlation of Figs. 5b and 11a let conclude that the 
degradation correlates with the applied power. The same can be stated 
for the degradation over the volume of chemiluminescence in Fig. 11b. 
Similar to Fig. 8, there are almost linear curves, whereby the increase 
with small orifice is considerably lower. In this dependency it is also 
noticeable that the degradation correlates with the power input. 

This dependence is illustrated in Fig. 12. It is clearly visible that the 
smaller orifice with d = 1 mm requires less power than the large orifice 
with d = 1.7 mm in order to achieve a certain degradation for compa
rable volumes. The curve for d = 1.7 mm appears to be linear. 

If the operating points A and B are compared with the configurations 
used in relation to the data in Fig. 12, it reveals that the degradation in 
point A with a smaller orifice for each power input is significantly higher 
than with d = 1.7 mm. The difference is about 6 percent. For point B, a 
nearly twice as high degradation is achieved with smaller orifice. This is 
due to the different size distribution and amount of bubbles. For the 
smaller orifice with smaller momentum and lower inertia to friction 
ratio, the bubble content affects more strongly the flow than for the 
larger orifice. In addition, the distance to the wall is greater, which leads 
to a less constrained formation of the jet. The highest degradation occurs 
in Fig. 12 for d = 1 mm at Δp = 30 bar. In this configuration, according 
to Fig. 6, a particularly large number of bubbles were detected, espe
cially small bubbles and only a few large ones. The shape of the reaction 
area of chemiluminescence does not show an effect of the wall, so that 
the jet can propagate freely compared to the configuration d = 1.7 mm. 

In summary, it can be stated that both bubble field expansion and 
luminol field expansion can predict the amount of degradation. In the 
examined configuration a linear dependence for the orifice d = 1 mm 
could be shown in Fig. 11a. For d = 1.7 mm, the curve is nonlinear due to 
the blocking effect caused by the reactor geometry. An interaction with 
the geometry is therefore an obstacle for a prognosis of degradation 
rates. The curves shown in Fig. 11b, on the other hand, are better suited 
for estimating the degradation. The extension of the volume of chem
iluminescence with increasing pressure is well suited for a prediction of 
degradation due to the linear dependence. In addition, a prediction of 

Fig. 10. Degradation of bisphenol A plotted by the ratio c(t)/c(0) against energy E. Energy is calculated by multiplying hydraulic power P with treatment time tt. 
Different pressure levels of Δp = {10, 15, 20, 25, 30} bar are applied. a) Configuration d = 1 mm and b) d = 1.7 mm. BPA initial concentration is set to n = 0.25 
µmol/l. T = 20 ◦C. Because of different pressure levels and orifices, reactor passes for diverse time are not same. 

Table 2 
Overview of the energy input for a specific BPA degradation in percent from 
Fig. 10 for the distinctive operating points A and B, each with different orifice 
diameters.  

Operating condition d in mm Δp in bar Degradation in % 
[(1 − ct/c0)⋅100] 

E in kJ 

A 1 20 10 100 
1.7 10 130 

B 1 30 20 210 
1.7 15 240  
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the degradation of bisphenol A based on the hydraulic power input is 
possible, based on the results of these study. Moreover, the results are 
also fruitful for further reactor design development, especially for 
oxidative degradation of pollutants in water. 

4. Conclusion 

In this study, the degradation of bisphenol A as a model for persistent 
organic water pollutants by hydrodynamic cavitation was evaluated and 
correlated to optical methods like laser light sheet images and luminol 
images. The laser light sheet images show the expansion of bubble field, 
whereas the luminol images offers information of areas of oxidising 
species. The range of inlet pressure for generating hydrodynamic cavi
tation was higher compared to other degradation studies in literature. 
With increasing pressure level from 10 to 30 bar more and smaller 
bubbles were generated and bubble field expansion increases linear by 
trend. The same results could be found for degradation experiments. 
With increasing pressure, the degradation of BPA was increased for both 
tested orifices. The results could be verified with luminol images. The 
area of sono-chemiluminescence increased with increasing pressure. 

Based on degradation results and images of bubble field and luminol 
a correlation between the results can be achieved. An increase of bubble 
field area and sonochemiluminescence areas in luminol experiments are 
in line with the degradation experiments with BPA. A good correlation 

could be reached by luminol images because of the linear trend in the 
results. With higher pressure and higher fluid flow the reactor wall re
stricts the bubble field and this leads to a worse correlation at these 
conditions. Concurrently, a good correlation of power input and 
degradation results could be found. In case of efficiency, the smaller of 
the two orifices (d = 1 mm) needs less energy to achieve a certain 
degradation result, due to a larger amount of small bubbles and a full 
expansion of the jet unhindered by the reactor wall. 
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