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Hydrodynamic cavitation has been investigated extensively in the field of water treatment in the last decade and
a well-designed hydrodynamic cavitation reactor is critical to the efficient removal of algal and large-scale
application. In this paper, a jet pump cavitation reactor (JPCR) is developed for the removal of cyanobacteria
Microcystis aeruginos in a pilot scale. The results demonstrate that the photosynthetic activity of M. aeruginosa is
greatly inhibited immediately after treatment in the JPCR, and the growth is also hindered after 3 days culture.
Moreover, a high cell disruptions of M. aeruginosa is detected after treated by JPCR. The release of chlorophyll-a
indicates that the JPCR caused serious rupture to M. aeruginosa cells. The plausible cell disruption mechanisms
are proposed in accordance with a fluorescence microscope and scanning electron microscope. Then, the opti-
mization of cell disruption efficiency is also investigated for various operating conditions. The results showed
that the algal cell disruption efficiency is improved at higher inlet pressure and the cavitation stage between the
unstable limited operation cavitation stage and stable limited operation cavitation stage. The effect and opti-
mization of JPCR on algal reduction are highlighted. The results of the study promote the application of hy-

drodynamic cavitation on algal removal and provide strong support for JPCR application in algal removal.

1. Introduction

The seasonal explosive growth of cyanobacteria (also known as algal
blooms) is among the most threatening environmental problem caused
by the eutrophication of water bodies in the field of water treatment [1].
The reported eutrophic lakes have greatly increased in China during the
past 30 years [2]. The seasonal explosive growth of cyanobacteria such
as M. aeruginosa usually leads to serious problems such as oxygen
depletion, phycotoxin production and high water turbidity [1]. These
problems inhibit the growth of fish, aquatic plants and aquatic micro-
fauna and greatly damage the ecosystem in water bodies [3]. Moreover,
the hepatotoxin and microcystin generated during the metabolism of
M. aeruginosa can contaminate surface water and threaten the health of
humans and animals [4,5]. In developing countries, algal blooms are
still a threat to human health and microalgae must be removed from
water bodies immediately to ensure drinking water supplies.

Various methods and techniques have been developed to decrease
the abundance of cyanobacteria. The eutrophication is mainly caused by
the diffuse water pollution from agriculture and nutrient removal is the
most effective method for algal removal which can warrant a positive
long-term effect on the reduction of eutrophication in the polluted water
body [6], thus reducing the abundance of algal blooms. But significant
restriction of nutrient input to the surface water is almost impossible and
unavailable for most areas across the world due to contemporary
economical limitations nowadays.

Chemical treatment is the most common and cheapest method for
algal removal because their effects on cyanobacteria are usually fast and
effective (at least for a short period) [7]. However, the chemical treat-
ment often suffers from residual heavy metal ions, associated harmful
halides, changes in the pH of the water column, and difficulties in
removing algal toxins, which can easily lead to secondary pollution
[8,9]. The biological and ecological treatments seem to be effective in
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controlling algae, but the control effect of algae blooms cannot be
guaranteed in the case of poor water quality.

The mechanical treatment with the advantage of low cost and quick
effect has aroused great interest. Clay coagulation is the most common
method, but a high dose of coagulant is required for the algal removal in
lakes [10], and microalgae are aggregated by clay adsorption and
eventually settle to the bottom under the action of gravity. This method
can only temporarily remove the algal cells from the water surface, but
could not kill the algal cells completely. Moreover, the algal toxin could
hardly be removed by this method.

Cavitation is considered a highly effective and sustainable mechan-
ical approach to the removal of algae from the water system [11].
Cavitation can be defined as the formation, growth and collapse of
bubbles in fluids when the local pressure is decreased to the saturated
pressure [12]. The potential energy released during cavitation bubbles
collapse could be used for algal removal [13]. The cavitation bubbles
collapse induces extremely high temperatures (10000 K), high-pressure
pulse (1000 atm), microjet and shear force [14,15], which would greatly
damage cell structures and cellular organs. Highly reactive hydroxyl
radicals (¢OH) [16,17] generated from the homolytic cleavage of H,O
molecules could oxidize important constituents of microalgae and
remove algal toxin released from the ruptured algal cells. Hydrodynamic
cavitation has been successfully implemented in various applications
with the main concern of environmental protection, such as the stabi-
lization and safe reuse of sewage sludge [18-21]. Therefore, hydrody-
namic cavitation, with the highly reactive hydroxyl radical’s generation,
may be also implemented for the algal removal in polluted water [22].
The cavitation can be easily induced by the ultrasonic wave and this type
of cavitation is referred to as acoustic cavitation (AC). Satisfactory algal
reduction could be achieved by using AC [13,22,23] and AC appears to
be an efficient method for algal removal [24]. However, due to the rapid
attenuation of ultrasound, only small volumes of algal suspensions can
be treated. Therefore, AC is not suitable for large-scale algal removal
with the disadvantage of high cost [25]. Hydrodynamic cavitation (HC)
is caused by pressure variations in the flowing liquid due to a change in
the geometry of the flowing system and it widely exists in hydraulic
machineries such as Venturi tube [26], orifice plate [27], hydrofoils [ 28]
and jet pump [29], in which numerous cavitation bubbles is easily
induced. HC is usually considered harmful to hydraulic machinery due
to the released energy by bubbles collapse, which can lead to material
erosion, poor performance, limited life expectancies, noise and vibration
[30-32]. But the released energy could be effectively utilized for algal
removal in a well-designed hydrodynamic cavitation reactor with the
advantage of high efficiency and large-scale operation [25]. Therefore,
HC is an economical technique for algae removal and water treatment
that can be used in large-scale operation with better energy efficiency
than acoustic cavitation [33].

Cavitation intensity is the key influencing factor for the application
of HC. Higher cavitation intensity results in more cavitation bubbles and
higher cavitation collapse intensity which increase the cavitation effects
(hot spot, microjet, etc) and the interaction between microorganism and
cavitation bubbles. A well-designed cavitation reactor and the modeling
of cavitation process to enhance cavitation effect are critical to pro-
moting the algal reduction [34]. Venturi tubes and multi-orifice plates
are common hydrodynamic cavitation reactors that are widely utilized
in industrial applications. The cavitation occurring in multi-orifice
plates reactor is mainly caused by shear flow due to the large velocity
gradient [27,35] while cavitation in Venturi reactor is mainly induced
by a sharp increase of velocity due to the reduction of flow channel area
[36,37], which can lead to the reduction of local pressure to critical
pressure. Jet pumps, also known as ejector pumps or ejectors, are
traditional hydraulic machinery for heat and mass transfer through
turbulent mixing [38]. The jet pump has no moving parts and thus has
the advantages of reliable operation, easy processing, easy maintenance,
and low cost [39]. Jet pumps are widely used in hydraulic engineering,
energy engineering, mineral engineering and aerospace engineering
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[40-42]. However, jet pumps are prone to cavitation, resulting in
degraded performance and unexpected noise and vibration. Conversely,
jet pumps can serve as potential cavitation reactors when the objective is
reversed (jet pump cavitation reactor, JPCR). A JPCR has intensive shear
flow between the driving flow and suction flow, and low local pressure is
also induced by the cross-section decrease of suction chamber, so cavi-
tation generation in a JPCR is a combination of cavitation in Venturi
cavitation reactors and orifice plate cavitation reactors. Developed
cavitation with sufficient cavitation intensity could be achieved in a
JPCR [43]. Therefore, JPCRs are of more potential as a cavitation
reactor for algal removal with high cavitation intensity. Though the
previous researches have shown the great potential of JPCRs for the
algal removal [29,43-46], the applications of JPCR on the water treat-
ment such as algal removal and corresponding mechanism are still
partially understood.

In this paper, a jet pump cavitation reactor (JPCR) is proposed for
algal removal with the advantage of high cavitation intensity, in which
cavitation generation is a combination of cavitation in Venturi cavita-
tion reactors and orifice plate cavitation reactors [29,43]. Jet pump
cavitation reactors (JPCRs) are potential cavitation reactors for algal
removal in which high cavitation intensity is generated. To this end, the
JPCR is used alone to investigate the removal of M. aeruginosa in a pilot
scale. The inhibitory effects of JPCR on the photosynthetic activity and
growth of field-collected M. aeruginosa are evaluated. Moreover, the cell
disruption efficiencies of JPCR are investigated based on the variation of
chlorophyll-a concentration. Then the possible cell disruption mecha-
nisms are proposed in accordance with a fluorescence microscope and
scanning electron microscope. Finally, the optimization of flow param-
eters on cell disruption efficiency is also conducted.

2. Materials and methods
2.1. Cultivation of algae

The species used in the present study for the removal of microalgae is
M. aeruginosa, collected directly from the field in Aquatic Seed Base,
Institute of Aquatic Biology, Chinese Academy of Sciences. The pH of
cell suspensions was around 8.2-8.6 and the temperature was kept
stable at around 25 °C before experiments. The cell concentration was
quantified by absorbance at wavelength 680 nm because 680 nm is the
maximal absorbance band of M. aeruginosa cell suspensions. The
absorbance of M. aeruginosa cell suspensions at wavelength 680 nm
(optical density, ODggg) was measured by spectrophotometer (UV-722
N, Shanghai Science Instrument Company Limited, China). The con-
centration of collected cell suspensions was diluted to an algal bloom
concentration of approximately 3 x 10 cells/L, corresponding to ODggo
= 0.25. After dilution, a suspension of algae(35L) was introduced into
JPCR and treated by hydrodynamic cavitation.

2.2. Experimental setup

The schematic diagram of JPCR and corresponding geometrical pa-
rameters is shown in Fig. 1. A JPCR consists of an inlet pipe, nozzle,
suction chamber, suction pipe, throat and diffuser. The nozzle outlet
diameter is 8 mm and the throat inlet diameter is 16 mm, so the area
ratio (defined as the ratio of throat inlet area to nozzle outlet ratio) of
JPCR in the present study is 4.00. A high-pressure driving flow is
pumped into JPCR through the inlet pipe, then the high-speed driving
flow is formed at the nozzle exit owing to the contractile structure of the
nozzle. A low-speed suction flow is entrained into the suction chamber
through the suction pipe due to the entrainment effect of high-speed jet
flow. The driving flow and suction flow mix intensively in the throat,
and the high-pressure pulsation caused by the velocity gradient between
the two flows leads to intense cavitation in the shear layer. Owing to the
contractile structure of the suction chamber, low local pressure also can
be achieved in the jet pump cavitation reactor, which results in more
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Fig. 1. The schematic diagram of JPCR.

intense cavitation than the traditional cavitation reactors. The intense
cavitation collapses violently in the diffuser where the pressure gradu-
ally recovers.

In JPCR, the fundamental performance can be characterized by the
variation of the pressure ratio, h, as a function of the flow ratio, g, (h-q
curve). All the corresponding parameters can be defined as follow:
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where Q is the flow rate, P is the total pressure, p is the absolute
pressure, z is the elevation, v is the average flow velocity, subscripts th,
n, in, s, out represent the throat inlet, nozzle exit, driving flow, suction
flow, outlet flow respectively.

A schematic diagram of the experiment setup is shown in Fig. 2. This
experimental setup is a closed loop that includes a water tank, a cooling
water tank, a centrifugal pump, multiple ball valves, pressure sensors,
electromagnetic flowmeter and JPCR. 35L suspensions of microalgae
were contained in the water tank. The centrifugal pump with 11 kW
power pumped the high-pressure cells suspension into JPCR. The tem-
perature was stabilized at about 35 °C during the treatment by using the
cooling water tank. The inlet pressure and outlet pressure can be regu-
lated by ball valves installed at the inlet pipe and outlet pipe. The flow
rate of driving flow and mixed flow also can be adjusted by valves and
measured by electromagnetic flowmeters (KROHNE IFS400). Three
pressure sensors (CHAOYU CY3011BCP70N) installed at the inlet, suc-
tion and outlet pipe were used to measure the absolute pressure. Pres-
sure and flow data were recorded synchronously on a PC via PXI 6143
acquisition card.
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Fig. 2. A schematic diagram of the experiment setup.

2.3. Analytical methods

Before starting, the control samples were taken. Samples of 250 mL
were taken periodically after initiating the experimental setup. The in-
hibition effect on the photosynthesis and growth of M. aeruginosa, cell
disruption efficiency of M. aeruginosa were quantified by testing all the
samples after cavitation treatment. All the samples were tested three
times and the standard deviations for the tested value are normally <
12%.

The photosynthetic activity of M. aeruginosa can be measured via a
PHOTO-PAM (Heinz Walz, Effeltrich, Germany). Before testing, the
samples were dark-adapted in a dark box for 30 min. Minimum (F,) and
maximum (Fp,) fluorescence yields representing open and closed PSII
reaction centers were determined, respectively. The widely used fluo-
rescence parameter maximum PSII quantum yield Y, which can be
defined as F,/Fp=(Fy-F,)/Fy,, can be used to measure the maximum
photochemical efficiency and indicate photosynthetic activity of PSIIL.
The maximal relative electron transport rates through PSII (ETRpax)
were also obtained by PHOTO-PAM.

The inhibition effect on the growth of M. aeruginosa could be quan-
tified by the absorbance at wavelength 680 mm. The variations of op-
tical density (ODggo) are strongly related to the concentration of the cell
suspensions, which can quantitatively measure the growth of
M. aeruginosa. Especially, to study the effect of hydrodynamic cavitation
on the growth of M. aeruginosa, the treated cell suspensions were grown
continuously in the incubator for 3 days and the optical density was
monitored over this period. During cultivation, an illumination level of
about 1000 1x was provided, and a light-dark cycle of 12 h:12 h was
maintained.

The cell disruption efficiency can be quantified based on the chlo-
rophyll-a concentration of the algal suspension immediately after cavi-
tation treatment. The more algal cells were destroyed after treatment,
the lower the chlorophyll-a concentration could be tested in extracted
algal samples because the chlorophyll-a is released into the water after
cell disruption. The taken samples were filtered through GF/C glass
microfiber filter papers (diameter 47 mm) under a low vacuum. Chlo-
rophyll-a was then extracted from the filter paper with 10 mL of 90%
acetone. Acetone was placed in a refrigerator at 4 °C for 12 h after
shaking. The 10 mL acetone was centrifuged (Jouan BR 4i, France) at
3500r/min for 15 min. The optical densities (OD) of the extracted
acetone at 630, 647, 664 and 750 nm were measured through a Ultro-
spec 3000 spectrophotometer (Pharmacia Biotech., England) in 1-cm
quartz cuvettes. The concentration of chlorophyll-a can be obtained
by the following equation:

[11.85(A3 — As) — 1.54(A; — Ay) — 0.08(A; — A4) ]V,
VoL

chlorophyll a = 3

where A1, Ay, As, A4 represent the absorbance at wavelength 630 nm,
647 nm, 664 nm and 750 nm, respectively. V; is the volume of 90%
acetone. Vs is the volume of filtered samples, in this paper, 20 mL of the
treated algae samples are filtered by low vacuum. L is the optical path of
quartz cuvettes (1 cm).

Therefore, the cell disruption efficiency of cavitation treatment can
be quantified according to the concentration variation of the algae
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suspensions:

Chllo - Cha7> % 100

Cha @

D(%) = <
where Cha is the chlorophyll-a concentration of cell suspensions,
subscript 0 and T are the samples before and after treatment.

3. Results and discussions
3.1. The removal of M. aeruginosa by JPCR

3.1.1. The inhibitory effect on the photosynthetic activity of M. aeruginosa

The photosynthetic activity of M. aeruginosa can be influenced by the
cavitation treatment in JPCR, thus contributing to the removal of
M. aeruginosa. In this paper, maximal PSII quantum yield Y and maximal
relative electron transport rates ETRp.x are used to evaluate the
photosynthetic activity of algae cells treated by JPCR.

Fig. 3 shows the changes in Y and ETRy,ox after treated by JPCR for
different hours (pj, = 700 kPa, h = 0.087). The control samples were
treated at the non-cavitation stage, in which the JPCR was adjusted to
the non-cavitation state and the control samples were circulated by the
centrifugal pump without cavitation. The results show that the values of
Y and ETRpx gradually decrease during the cavitation treatment in
JPCR, while the values of Y and ETRpax of the control samples remain
almost constant, indicating that an important portion of the PSII reac-
tion center is damaged by JPCR, and thus leading to the reduction of the
electron transport chain. The result of control samples also shows that
the centrifugal pump has little effect on M. aeruginosa. The photosyn-
thetic activity of algae cells after treated by JPCR decreases sharply,
which also affects the growth and reproduction of algae cells. This is
mainly contributed to the cavitation effects generated during the cavi-
tation collapse in JPCR [47]. Extremely high temperatures (10000 K),
high-pressure pulse (1000 atm), microjet, shear force and highly reac-
tive hydroxyl radicals formed during the collapse of cavitation bubbles
greatly damage the photosynthetic apparatus [8,47,48]. Thus, the
photosynthetic activity of M. aeruginosa is inhibited after cavitation
treatment in JPCR. The chloroplast is the most important photosynthetic
organ in M. aeruginosa cells. The thylakoids in M. aeruginosa cells are
flattened vesicles on the long axis of the chloroplast, on which the light
reaction is carried out. During the cavitation treatment, the thylakoids in
the chloroplast are easily damaged [48], which seriously hinders
photochemical reaction in the PSII reaction center and leads to the
decrease of photosynthetic activity [48].

3.1.2. The inhibitory effect on the growth of M. aeruginosa

The decrease of photosynthetic activity would hinder the growth of
M. aeruginosa, which also contributes to the algal removal. The growth
of M. aeruginosa is evaluated by the optical density (ODggo) immediately
after cavitation treatment and grown continuously in the incubator for 3
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days.

Fig. 4 shows the change in optical density (ODggo) of algae cells
suspension (a) immediately after treated by JPCR for different hours and
(b) during 3 days culture after treated by JPCR for different hours,
respectively (pi, = 700 kPa, h = 0.087). Fig. 4 (a) shows that the optical
density of algal cells decreases significantly after treated by JPCR for 6 h,
indicating that the structure of algal cells is immediately destroyed after
the cavitation treatment, and the intracellular pigments are released
outside the cells and gradually decomposed, resulting in the loss of
cellular activity and a decrease in the total biomass of algal cells.

Fig. 4 (b) shows that the optical density of the control samples
repeatedly decreases and increases under the dark-light cycle, but the
overall trend of the optical density is increasing over 3 days. We also
observed that most of the algal cells did not coagulate and settle to the
bottom over 3 days culture, indicating that the algal cells without
treatment in JPCR are biologically active. The algal cells can still absorb
light and carbon dioxide, thus maintaining biologically active. However,
the optical density of algae cell suspension after treatment for different
hours shows a steady decreasing trend over 3 days, and finally decreases
to the lowest value and remains stable. The coagulation of algae cells is
observed in all treated samples and finally settle to the bottom. Mean-
while, the longer the treatment time, the faster the optical density of the
treated cells suspension decreases to the lowest value. However, the
optical density could not be reduced to zero. This can be contributed to
the impurities in the samples, as the algal samples are collected from the
field, but it does not mean that the treated samples with the lowest
optical density still maintain biologically active.

The inhibitory effect on algal growth may be related to the me-
chanical damage of the gas vesicles and photosynthetic apparatus
caused by cavitation [49]. The algal cells lose the ability to float when
the gas vesicles are damaged, thus leading to the sinking of algal cells.
Therefore, the cells lose their stability and settle down at the bottom
[50]. Finally, the algal cells settled at the bottom cannot fully absorb
sunlight and carbon dioxide, and gradually die in the absence of nutri-
ents and sunlight.

3.1.3. Cell disruption of M. aeruginosa in JPCR

Cavitation bubbles collapse greatly damages cell structures and
rupture the cell membrane, resulting in the release of extracellular
organic matter. In this paper, the concentration of chlorophyll-a could
be used to quantify the cell disruption efficiency.

Fig. 5 shows the changes in (a) chlorophyll-a concentration of the
extracted cell suspensions and (b) the corresponding cell disruption ef-
ficiency after treated by JPCR for different hours (p;, = 700 kPa, h =
0.087). The chlorophyll-a concentration of the treated samples shows a
steady decreasing trend, while the chlorophyll-a concentration of the
control samples remains constant. The cell disruption efficiency reaches
17.4% after 6 h treatment in JPCR.

To demonstrate the damage on algal cells by cavitation treatment in
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Fig. 3. The change in (a) maximal PSII quantum yield (Y) and (b) maximal relative electron transport rates (ETR,ay) Of the cell suspension after treated by JPCR (pi,

= 700 kPa, h = 0.087).
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Fig. 5. The change in (a) chlorophyll-a concentration and (b) the corresponding cell disruption efficiency after treated by JPCR for different hours (p;, = 700 kPa, h

= 0.087).

JPCR, fluorescence microscope and scanning electron microscope (SEM)
are used to detect changes in cell membrane permeability and cell
morphology after cavitation treatment. When the algal cells are treated
by JPCR, the intracellular apparatus are greatly inhibited and damaged,
leading to the loss of metabolic (esterase) activity and changes in cell
membrane permeability. The treated algal samples are examined with
an FDA reagent, and intact cells fluoresce green fluorescence when they
are observed by fluorescence microscope at wavelength 493 nm, while
almost dead cells do not fluoresce green due to the loss of metabolic
(esterase) activity and changes in cell membrane permeability
[8,51-53]. Fig. 6 shows the fluorescence microscope image of treated
and untreated algal cells stained by the FDA reagent. The results show
that the untreated algal cells fluoresce green fluorescence, which could
not be observed in the treated algal cells, suggesting that metabolic
(esterase) activity is greatly influenced by JPCR.

The cell morphology of untreated and treated algal cells observed by
SEM is shown in Fig. 7. Fig. 7 (a) shows the intact cell structure of un-
treated algal cells, which are spherical with viscous material attached to
the cell surface. However, after 6 h treatment, all cells are no longer

(a) Untreated algal cells

spherical and clear depressions on the cells could be observed, even
some cells show obvious rupture with the loss of intracellular material.

Fig. 8 shows the schematic overview of possible cell disruption
mechanisms in JPCR. The possible cell disruption mechanism of JPCR
could be contributed to the synergy of mechanical effect, thermal effect
and chemical effect generated during the collapse of cavitation bubbles
[11,54]. The mechanical effect mainly includes the high shear stresses,
shock wave, and microjet generated during the development and
collapse of cavitation bubbles. High shear stresses are formed in JPCR
between the driving flow and the suction flow owing to the velocity
gradient between these two flows. The high shear stresses can be as high
as 3.5 kPa [55]. Shock waves are induced by adiabatic compression of
bubbles during rapid changes when the cavitation bubbles collapse
violently in the diffuser, with propagating speed up to almost 4000 m/s
[56] and the pressures as high as 6000 or 7150 MPa [56,57]. The violent
shape change of bubbles induces a high-speed microjet with a maximum
speed over 150 m/s [58]. These mechanical effects weaken or tear the
outer layer of M. aeruginosa cells, resulting in obvious rupture and the
loss of intracellular material. Hot spots induced during the bubbles

(b) Treated algal cells

Fig. 6. Fluorescence microscope image of (a) untreated algal cells and (b) treated algal cells.
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collapse can reach as high as 50000 K [59], which could affect the
integrity of the outer layer of algal cells and make them more susceptible
to the damage of the mechanical effects. Moreover, highly reactive hy-
droxyl radicals (OH-) [60] generated by the sonolysis of water molecules
can oxidize sulfhydryl groups and double bonds on the surface of pro-
teins, lipids and membranes [61,62], resulting in the change of cell
membrane permeability.

3.2. Influence of flow conditions on cell disruption efficiency

The optimization of flow condition for JPCR is of great importance to
get the maximum algal removal effect. In this section, the cell disruption
efficiency is used as an intuitive index for optimizing the flow
conditions.

3.2.1. The effect of inlet pressure on cell disruption efficiency

Higher inlet pressures increase turbulence levels and local pressure
oscillations, thus enhancing the cavitation effects [46]. However, at very
high inlet pressures supercavitation could be formed and cavitation
bubbles coalesce with each other, resulting in a progressive decrease of
cavitation effects [17]. Therefore, there seems to be a critical inlet
pressure where maximum algae removal effect can be achieved. In this
paper, algal cell suspensions are treated at different inlet pressures to
investigate the effect of inlet pressure on algal cell disruption efficiency
in JPCR.

The cell disruption efficiencies after JPCR treatment at different inlet
pressure are illustrated in Fig. 9. With the increasing inlet pressure, the
cell disruption efficiency shows an increasing trend, but no critical inlet
pressure is observed. When the inlet pressure is higher than 300 kPa,
cavitation occurs in JPCR and the algal cell disruption is detected in the
treated algal suspensions, and the highest cell disruption efficiency
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Fig. 9. The variation of cell disruption efficiency at different inlet pressures.

(25.54%) is observed at inlet pressure 900 kPa.

The cavitation mechanisms and the structure of the throat and
diffuser are the main reasons why the critical inlet pressure could not be
observed in JPCR. The high-speed driving flow entrains the suction flow
into the suction chamber, and cavitation occurs easily in the shear layer
between these two flows. The combination of low local pressure and
shear flow results in more intensive cavitation at higher inlet pressure. A
low-pressure zone is also formed in the throat, which greatly promotes
cavitation in JPCR. The developed cavitation cloud collapses violently in
the divergent diffuser without bubbles coalescing with each other. So
both fully developed cavitation cloud and sufficient cavitation collapse
intensity could be guaranteed in JPCR even at high inlet pressure.
Therefore, the cell disruption efficiency increases with the increasing
inlet pressure with no inflection point.

3.2.2. The effect of outlet pressure on cell disruption efficiency

The pressure ratio increases as the outlet pressure increases at con-
stant inlet pressure, resulting in different cavitation performances
[29,43]. Fig. 10 and Fig. 11 show the fundamental performance curve of
JPCR and the development of cavitation cloud at typical cavitation
stages marked (1)-(5). With the increase of outlet pressure [29], the
development of cavitation cloud in JPCR could be divided into four
stages: the inception and developing cavitation stage, unstable limited
operation cavitation stage, stable limited operation cavitation stage, and
a special operating condition called the reverse flow cavitation stage,
where the driving flow sprays into the throat but flow back into the
suction chamber. In the inception and developing cavitation stage
(Fig. 11(2)), the cavitation gradually appears at the interface of the
driving flow and suction flow and then develops in the throat. In this
stage, the intensity of cavitation development and collapse is so weak

0.8
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Q
@
)
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Fig. 10. The fundamental performance curve of JPCR (p;, = 700 kPa) and the
typical cavitation stage marked (1)-(5).
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Flow direction

(1) The reverse flow cavitation stage

(2)The inception and developing cavitation stage

(4) The critical stage between the unstable limited operation
cavitation stage and the stable limited operation cavitation stage

(5)The stable limited operation cavitation stage

Fig. 11. The instantaneous image of the typical cavitation stage (1)-(5) (pin =
700 kPa).

that the algal removal experiments are not conducted in this stage. In the
unstable limited operation cavitation stage (Fig. 11(3)), the flow ratio
reaches its limit and the cavitation cloud oscillates in the throat. In the
stable limited operation cavitation stage (Fig. 11(5)), cavitation clouds
are fully developed and the clusters of cavitation cloud shed and collapse
in the diffuser. When the flow ratio reaches the limit, the cavitation
cloud fully develops and collapses violently, so the critical stage (Fig. 11
(4)) between the unstable limited operation stage and stable limited
operation cavitation is also chosen as the operation condition for algal
removal experiments. In this stage, the fully developed cavitation cloud
collapses at the throat exit instantly due to the high backpressure. The
reverse cavitation flow stage (Fig. 11(1)) is also chosen because of the
high potential for cell disruption due to the high-pressure pulsation in
this cavitation stage [44].

Fig. 12 shows the cell disruption efficiency variation at different
cavitation stages. The results show that satisfactory cell disruption ef-
ficiency can be obtained under the stable limited operation cavitation
stage, critical stage and reverse cavitation flow condition. However, the
cell disruption efficiency is much lower at the unstable limited operation
cavitation stage. The results also show that the highest cell disruption
efficiency (25.05%) is achieved at the critical cavitation stage, and the
cell disruption efficiency is higher than that at the stable limited oper-
ation cavitation stage and the reverse cavitation flow stage. As the outlet
pressure increases, the stable limited operation cavitation stage transfers
to the critical stage, and the cavitation cloud shrinks into the throat. At
high backpressure, the cavitation cloud collapses violently at the throat
exit, generating high-pressure pulsation and leading to the highest cell
disruption efficiency at this critical cavitation stage., Though cavitation
cloud is fully developed and intensive cavitation cloud is generated in
the stable limited operation cavitation stage (5), the cavitation bubbles
coalesce with each other, resulting in a progressive decrease of cavita-
tion effects and a lower cell disruption efficiency than that in the critical
cavitation stage (4).

4. Conclusions

Algal blooms are serious problems in eutrophic water bodies and jet
pump cavitation reactor (JPCR) has shown great potential for water
treatment with high cavitation intensity. In this paper, a jet pump
cavitation reactor (JPCR) is developed for the removal of Microcystis
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aeruginosa in a pilot-scale. After treated by JPCR, the maximal PSII
quantum yield Y, maximal relative electron transport rates ETRyax and
the optical density of algal cell suspensions decrease, indicating JPCR
greatly inhibits the photosynthetic activity and growth of algal cells.
Based on the variation of chlorophyll-a concentration, a high cell
disruption efficiency could be detected in treated algal cells. Significant
changes in cell membrane permeability and rupture of cell structure
could be observed by fluorescence microscope and scanning electron
microscope (SEM). The possible cell disruption mechanism of JPCR
could be contributed to the synergy of mechanical effects, thermal ef-
fects and chemical effects generated during the collapse of cavitation
bubbles. Then the optimization of operating conditions in JPCR is also
investigated, and results show that the algal cell disruption efficiency is
improved at higher inlet pressure and the cavitation stage between the
unstable limited operation cavitation stage and stable limited operation
cavitation stage.

JPCR could be applied not only in the fields of algal blooms control
but also in the field of biomass production, biofuels production, ballast
water treatment, water disinfection, etc, where cell disruption is needed.
Further researches on the cell disruption mechanism, structural opti-
mization, and scale-up are needed in the future.
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