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Abstract: In the present work, the sludge treatment performance of a sludge treatment using a
rotor-stator type hydrodynamic cavitation reactor (HCR) was investigated. To verify the performance,
a comparison with an ultrasonic bath was conducted in four experimental cases using three assessment
factors. The HCR consisted of a rotor and three covers with inserted dimples resulting in variation of
the cross-sectional area in a flow. The experimental cases were established using the same energy
consumption for each device. Disintegration performance was analyzed with assessment factors using
particle size distribution and sludge volume index (SVI), oxidation performance using total chemical
oxygen demand (TCOD) and volatile suspended solids (VSS) reduction rate, as well as solubilization
rate using soluble chemical oxygen demand (SCOD). As a result, the particle disintegration and
oxidation performance of the HCR were generally superior to those of the ultrasonic bath. However,
due to the contradictory interactions of these factors, the solubilization rate of the two devices was
measured similarly as 42.3% and 41.4% for each device. Results of the current study proved that
the HCR can be an effective, promising and clean sludge treatment technique for use in wastewater
treatment plants.
Keywords: rotor-stator type hydrodynamic cavitation reactor; ultrasonication; sludge treatment;
performance comparison

1. Introduction
Environmental pollution has become a serious global problem due to continuous industrialization.
Especially, water pollution is a major issue, and regulations for waste-water disposal are being reinforced
globally. Consequently, waste-water treatment methods that are both environmentally friendly and
effective have become critical needs [1–4]. In industrial and municipal waste-water treatment plants
(WWTPs), the activated sludge treatment method is the most used biological process. However,
this method produces a high amount of excess sludge consuming 18%–57% of total operational cost
of WWTPs. To reduce the amount of excess sludge, various techniques have been used to treat
waste-water for decades. However, traditional methods generally involve a high processing cost,
long treatment time, low treatment capability, or generation of chemical by-products [5]. To overcome
these drawbacks, new methods have been proposed in the literature [6–9]. Among them, cavitation
has shown a remarkable development potential for large scale applications.
Cavitation refers to the process of bubble generation, growth, and collapse in a liquid due to local
pressure drop. The bubble generated by cavitation grows through heat transfer from the nearby liquid.
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When it reaches maximum size, it collapses releasing tremendous energy in the form of heat and a
shockwave that imparts the three following effects [10,11]. The first is the physical effect. When the
bubble collapses, a shock wave of 550 MPa is emitted at a speed of 2000 m/s, a micro jet generates a
450 MPa water hammer at 100 m/s, and shear stress reaches 3.5 kPa. The second is a thermal effect.
The collapse of the bubble generates a local hot spot of 2000–6000 K and induces 1010 K/s heat transfer
within one microsecond. The third is a chemical effect. Due to the energy generated by bubble collapse,
water molecules are decomposed into H· and OH·, the latter is a strong oxidizing agent, and these
effects can treat the sludge. The physical effect of cavitation leads to disintegration of particles and
lysis of microorganisms resulting in enhancement of biogas production during anaerobic digestion of
biomass [12]. The thermal effect improves the dewaterability of the sludge and reduces the sludge’s
viscosity by causing cell lysis and destroying the cell walls [13]. In the case of the chemical effect,
the free radicals generated by cavitation accelerate chemical reactions and inactivate and remove
microorganisms through decomposition of hydrogen bonds [14,15].
Cavitation can be classified as a method inducing pressure perturbation in a liquid. Ultrasonic
cavitation (UC) occurs due to the pressure perturbation by ultrasound waves. When ultrasound waves
propagate in a liquid medium, the liquid molecules repeatedly contract and expand. In the contracting
cycle, the liquid pressure increases, while in the expanding cycle it decreases [16]. The ultrasonic
cavitation reactor (UCR) has a simple structure and easily generates bubble; hence, it has been used
to treat sludge [17]. However, UCR has much low energy transfer efficiencies (10%–40%), and the
cavitation intensity rapidly decreases with distance from the ultrasonic generator [18,19]. Hence, an
ultrasonic cavitation reactor has poor scalability and is unable to treat the sludge uniformly. On the
other hand, hydrodynamic cavitation (HC) occurs due to the pressure perturbation induced by changes
in the cross-sectional area. For an incompressible fluid, the flow rate is calculated as the product of
cross-sectional area and velocity. When the cross-sectional area decreases at constant flow rate, the fluid
velocity increases, by Bernoulli’s equation, the pressure decreases. The hydrodynamic cavitation
reactor (HCR) induces cavitation using this phenomenon, and due to the generation mechanism,
all fluids pass through the cavitation generation region and can be treated uniformly [19,20]. The HCR
can be classified by way of changing the cross-sectional area. The non-rotation type of HCR lets
liquid pass through vena contracta, e.g., the Venturi tube. The rotation type of HCR changes the
cross-sectional area using a rotor with an uneven surface, e.g., a shockwave power reactor [21–23].
In most literature focusing on waste-water treatment using HC, non-rotation types of HCRs have
been utilized. However, to induce sufficient pressure drop, a high-power pump is required, resulting
in a substantial cost. In addition, due to the poor cavitation intensity, it needs long treatment times
and shows low treatment performance [24–26]. On the other hand, the rotor-stator type HCR could
overcome such limitations. First, since the rotor-stator type HCR is based on HC, waste-water could
be treated uniformly. Also, the rotor-stator type HCR changes cross-sectional area repeatedly using
rotation, hence the cavitation region and cavitation intensity are much larger than with the non-rotation
type HCR. Some research groups have studied the potential for utilizing this technique for water
treatment [19,21–23,27–33].
The development of new highly effective HCR is the key to large-scale commercial applications
of waste activated sludge (WAS) disintegration. Various types of conventional HCR such as Venturi,
orifice, high-pressure jet, Ecowirl, and high-pressure homogenizer have been widely studied to evaluate
their effectiveness [34–44]. These devices obtained limited disintegration performance (disintegration
degrees (DDcod ) of 7.7%–31%) with a considerable treatment duration (several hours). On the
other hand, rotor-stator type HCR showed a performance which is far higher than the conventional
device, the device proposed by Petkovšek et al. [45] easily achieved 57% of DDcod for only 20 passes,
without any structure optimization. However, the research on rotor-stator type HCR is still very
limited, which largely hinders the commercial application of HC sludge treatment. To the best of our
knowledge, the comparison of the disintegration performances between rotor-stator type HCR and
UCR at the same energy consumption has not been investigated.
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Figure 2. Schematic of the hydrodynamic cavitation treatment system.
Figure 2. Schematic of the hydrodynamic cavitation treatment system.
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In this study, secondary sewage sludge was obtained from a bioreactor from the Gulpo River
Waste-Water Treatment Plant (Bucheon, Republic of Korea). The sludge was stored at 4 ◦ C for 24 h
Waste-Water Treatment Plant (Bucheon, Republic of Korea). The sludge was stored at 4 °C for 24 h
prior to experimentation to avoid changes in physicochemical properties and to stabilize the sludge.
prior to experimentation to avoid changes in physicochemical properties and to stabilize the sludge.
The properties of the sludge are shown in Table 1.
The properties of the sludge are shown in Table 1.
Table 1. Waste activated sludge characteristics.
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Table 1. Waste activated sludge characteristics.
Characteristics

Unit

Value

pH
Total chemical oxygen demand
Soluble chemical oxygen demand
Volatile suspended solids
Total solids

mg/L
mg/L
mg/L
mg/L

6.48
4480
34
2120
3726.5

2.4. Experimental Cases
To compare the sludge treatment performance of the HCR with that of an ultrasonic bath,
four experimental cases were established of energy consumption. The specific energy input [51] which
indicates energy consumption of the four experimental cases was calculated using consumed energy
every time the sludge passed through the HCR, which occurred five times. The number of passes was
calculated using the total sludge amount and flow rate. To exclude other parameters affecting cavitation
intensity, the rotational speed and pressure were fixed. The experimental cases are shown in Table 2.
Table 2. Operational conditions of experimental cases.
Specific Energy Input (kJ/kgTS)

Number of Passes (HCR)

Ultrasonication Time
(Ultrasonic Bath)

84,530
167,718
248,491
329,800

5
10
15
20

26 min 15 s
52 min 5 s
1 h 17 min 10 s
1 h 42 min 25 s

Case 1
Case 2
Case 3
Case 4

2.5. Analytical Methods
The particle size distribution was measured using a particle size analyzer (Malvern Co. Mastersizer
2000, Malvern, United Kingdom). Samples were diluted using tap water before analysis owing to
the concentration limits of the analyzer, and five measurements were performed for each sample.
The particle size distributions were expressed as a volume fraction graph (total area was constant)
and percentile particle sizes (in micrometers) corresponding to 10%, 50%, and 90% in a size
histogram; the smallest 10%, 50%, 90% of the particle diameters were represented as d (0.1), d (0.5),
and d (0.9), respectively.
The TCOD and SCOD were measured using COD digestion vials and a visible spectrophotometer
(Hach Co., DR3900, Loveland, Colorado, USA) according to the HACH 8000 method. To measure the
TCOD, the samples were diluted with distilled water owing to the range of the vials, and the TCOD
was expressed as the original value considering the dilution. Additionally, to measure the SCOD,
the samples were filtered and not diluted. The samples were heated at 150 ◦ C, for 2 h using a digital
reactor (Hach Co., DRB200, Loveland, Colorado, USA) for the measurements. Five measurements
were performed for each sample, and the results were averaged.
Finally, the SVI was visualized for 100 mL of sludge stored for 30 min using a mass cylinder.
3. Results and Discussion
3.1. Decomposition Performance
To evaluate the sludge particle disintegration performance of the HCR, the particle size distribution
was measured. The particle size of the sludge is closely related to anaerobic digestion performance
and dewaterability. Smaller sludge particle size improves anaerobic digestion performance and
dewaterability by transforming the bound water to free water [52–54]. Disintegration of the particles
via cavitation proceeds physically by shear stress and chemically due to the OH· [55–57]. In this section,
using a comparison of particle size distribution with ultrasonication, the disintegration performance

To evaluate the sludge particle disintegration performance of the HCR, the particle size
distribution was measured. The particle size of the sludge is closely related to anaerobic digestion
performance and dewaterability. Smaller sludge particle size improves anaerobic digestion
performance and dewaterability by transforming the bound water to free water [52–54].
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however, this phenomenon was considered to be the result of flocculation during storage before
particle size distribution measurement, hence it was neglected in this section.) Comparing the particle
size distributions of the experimental cases, the typical particle sizes of the sludge treated by the
ultrasonic bath were slightly smaller in case 1. This result shows that, for low energy consumption,
the particle disintegration performance of the ultrasonic bath was slightly superior to that of the HCR.
However, in case 2, the fraction of the sludge particle treated by the HCR in the range under 10 µm
was significantly increased. This result shows that the particle disintegration performance of the HCR
was much superior to that of the ultrasonic bath. In case 3, the fraction of sludge particle treated by the
ultrasonic bath significantly increased compared to case 2, while the graph of HCR showed no more
change. Finally, in case 4, both graphs showed no more change.
For quantitative comparison, the particle size distributions as a percentile size (diameter of
particle with a 10% volume fraction: d (0.1), 50%: d (0.5) and 90%: d (0.9)) are compared in Table 3.
The results show that d (0.1) and d (0.5) of the ultrasonic bath and the HCR were lower than those
of raw sludge. In case 1, d (0.1) and d (0.5) of the ultrasonic bath were smaller than the those of
the HCR. However, in case 2, d (0.5) of the HCR was 4.029 µm, decreased by 92.7% compared to
raw sludge. In contrast, d (0.5) of ultrasonic bath was 17.804 µm, reduced by 67.6% at the same
energy consumption. The maximum reduction of the ultrasonic bath was 82.3% in case 4 having the
highest energy consumption. As reference, a particle size reduction of 68% was achieved in a previous
investigation using advanced oxidation processes (AOPs) [58]. This result shows overwhelming the
particle decomposition performance of the HCR. The particle size distribution obtained from the
sludge treated by the HCR indicated that there was no significant change after 10 treatments. This is
considered to be due to the sludge decomposition reaching the final stage by the HCR in case 2.
However, for the sludge treated by the ultrasonic bath, the particle size distribution continued to
change through case 3. Consequently, the final stage of particle decomposition was similar with the
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two devices; however, the HCR reached the final stage at a much lower specific energy input. Also, the
final particle size of the sludge treated by the HCR was generally smaller.
Table 3. Percentile particle sizes.
Item

Case 1
Case 2
Case 3
Case 4

Raw sludge
HCR
Ultrasonic bath
HCR
Ultrasonic bath
HCR
Ultrasonic bath
HCR
Ultrasonic bath

Percentile Size (µm)
d (0.1)

d (0.5)

d (0.9)

17.286
6.116
4.558
0.778
1.820
0.865
0.941
0.778
0.992

54.921
34.737
30.647
4.029
17.804
5.719
13.999
4.053
9.685

127.023
101.324
257.734
142.733
227.587
161.269
682.707
153.402
389.672

To evaluate the uniformity of sludge decomposition, SVI results of the treated sludge are shown
in Figure 5. In the result of HCR, settled sludge was observed only in cases 1 and 2, otherwise in the
ultrasonic bath result, settled sludge was present in all experimental cases. Additionally, in case 1,
the sedimentation amount of sludge treated by the HCR was about 1/3 of the sludge treated by the
ultrasonic bath. Since the settling occurs with particles over a certain size, it was confirmed that the
HCR decomposed sludge particles more uniformly than the ultrasonic bath.
Processes 2019, 7, x
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TCOD r (% ) =

TCOD m - TCOD 0
TCOD 0

× 100, VSS r (% ) =

VSS m - VSS 0
VSS 0

× 100

(1)

Here, the subscript r represents the reduction rate, m represents the measured value, and 0
represents the initial value. The TCOD and VSS reduction rates are shown in Figure 6.
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Processes
7, x; doi: as follows. There is a certain level of threshold required
www.mdpi.com/journal/processes
could
be 2019,
interpreted
to oxidize organic
matter, and sudden oxidation occurs when that level is exceeded. This threshold could be determined
by the amount of generated OH· or energy needed for generating OH·. In any case, the oxidation
performance of the HCR was remarkable superior to that of the ultrasonic bath. In case 3 and 4,
the TCOD reduction rate of the sludge treated by the HCR converged, while the TCOD reduction rate
of the sludge treated by the ultrasonic bath decreased. The oxidation of organic matter did not occur
at more than a threshold level. The oxidation of organic matter proceeds due to a reaction of OH·
during cavitation [27]. The OH· is a highly reactive oxidant and quickly disappears when there are no
substances to oxidize. Therefore, when oxidation of organic matter in the sludge reached a particular
level, the concentration of organic matter decreased, and the oxidation reaction did not actively occur
even if OH· was generated by the cavitation [19]. This circumstance was more pronounced in ultrasonic
cavitation. As mentioned in the Introduction, ultrasonic cavitation occurs nearby to the ultrasonic
terminal, and the cavitation intensity decreases with distance. As a result, the organic matter far from
the ultrasonic generator cannot react with the OH· generated by cavitation.
In Figure 6, the VSS reduction rate shows a similar trend with the TCOD reduction rate. The VSS
reduction rate of sludge treated by the HCR increased as the specific energy input increases. In case
1, the VSS reduction rate of sludge treated by the ultrasonic bath was about 25%, demonstrating
that oxidation occurred differently to the trend in the TCOD reduction rate. Otherwise, after this,
the VSS reduction rate of both devices were similar. The VSS and TCOD are parameters indicating the
amount of organic matter contained in sludge; however, the two parameters are not identical. Hence,
these results should not be considered as conflicting but should be considered simultaneously to assess
oxidation performance. In summary, in case 1, the oxidation of organic matter occurred only slightly
within the sludge treated by the ultrasonic bath. The TCOD and VSS of sludge treated by both devices
are quantitatively compared in Table 4.

Processes 2019, 7, 790

9 of 14

Table 4. Oxidization performance.
Item

RAW

Case 1

Case 2

Case 3

Case 4

TCOD (mg/L)

HCR
Ultrasonic bath

4480

2110
4482.5

1650
1665

1505
1800

1480
1830

VSS (mg/L)

HCR
Ultrasonic bath

2120

720
1560

640
620

540
600

540
520

Table 4 shows that the TCOD of the sludge treated by both devices were only similar in case 2.
On the other hand, the VSS of sludge treated by both devices displayed a clear difference only in case
1. Consequently, the sludge was oxidized by both devices, and potent oxidation performances were
confirmed. However, in a low specific energy input condition, the oxidation performance of HCR was
overwhelmingly superior to that of the ultrasonic bath. Also, oxidation of the sludge converged when
the applied energy was beyond a specific threshold.
3.3. Solubilization Performance
The solubilization rate of the sludge was analyzed to evaluate the sludge treatment performance
of the HCR. Solubilization of the sludge is the rate of soluble chemical oxygen demand (SCOD) of
the TCOD. Solubilization is conducted by disintegration of organic matter contained in the sludge.
The disintegration of organic matter entails cell lysis, resulting in increased hydrolysis and, consequently,
an improvement in anaerobic digestion performance [60–62]. The solubilization rate is expressed as
the ratio of TCOD and the increment of SCOD is calculated as follows [39]:
Solubilization rate (%) =

SCOD − SCOD0
× 100
TCOD0 − SCOD0

(2)

Generally, when sludge is disintegrated, SCOD and the solubilization rate increase. However,
as discussed earlier, TCOD decreased due to oxidation in this study. Thus, to compare the solubilization
rate according to the sludge decomposition, the SCODm was normalized, and the solubilization was
calculated as follows:
TCOD0
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SCODn =
× SCODm
(3)
TCODm
where the subscript n indicates the normalized value. The SCODn , SCODn , and solubilization rates
are shown in Figure 7.
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In Figure 7, the SCODm of the sludge treated by HCR gradually increased with specific energy
input. Otherwise, the SCODm of the sludge treated by the ultrasonic bath was particularly high in
case 1 and decreased in case 2, after which it then linearly increased with specific energy input. This
is because, as discussed in Section 3.2, oxidation of sludge treated by the ultrasonic bath does not
occur in case 1. Namely, the organic matter contained in the sludge treated by the ultrasonic bath was
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In Figure 7, the SCODm of the sludge treated by HCR gradually increased with specific energy
input. Otherwise, the SCODm of the sludge treated by the ultrasonic bath was particularly high in
case 1 and decreased in case 2, after which it then linearly increased with specific energy input. This is
because, as discussed in Section 3.2, oxidation of sludge treated by the ultrasonic bath does not occur
in case 1. Namely, the organic matter contained in the sludge treated by the ultrasonic bath was only
disintegrated and not oxidized in case 1; thus, the SCOD of the sludge sharply increased. Otherwise,
the organic matter in the sludge treated by the HCR was disintegrated as well as actively oxidized in
case 1; thus, the SCOD of the sludge slightly increased. As a result, the SCOD of the sludge treated by
the ultrasonic bath was much greater than the SCOD of the sludge treated by the HCR in case 1. In case
2, the sludge treated by the ultrasonic bath was also oxidized, and the SCOD was reduced compared to
that of case 1. To avoid this circumstance, a normalized SCOD and solubilization rate were compared.
Unlike the SCODm , the SCODn and solubilization rate of sludge treated by both devices showed
reasonable trends without abnormal values. In Figure 7, the SCODn and the solubilization rate of
sludge treated by the ultrasonic bath were higher than those of sludge treated by the HCR under a low
specific energy input (case 1 and case 2); on the other hand, the SCODn and solubilization rate of the
sludge treated by HCR were higher under a high specific energy input (case 3 and case 4). To compare
quantitative results, the values of SCODm , SCODn , and solubilization rate are shown in Table 5.
Table 5. Solubilization results.
Item

Case 1

Case 2

Case 3

Case 4

SCODm (mg/L)

HCR
Ultrasonic bath

369.5
855

483.5
532.5

562
639

633
766.5

SCODn (mg/L)

HCR
Ultrasonic bath

784.5
854.5

1312.8
1432.8

1672.9
1590.4

1916.1
1876.5

Solubilization rate (%)

HCR
Ultrasonic bath

16.9
18.5

28.8
31.5

36.9
35

42.3
41.4

Except in case 1, the SCODm of sludge treated by the ultrasonic bath was 10%–20% higher than
that of sludge treated by the HCR. However, when examining the results for SCODn , the SCODn
for the ultrasonic bath treatment and the HCR showed similar values for all specific energy inputs.
The solubilization rate also showed a similar trend, with that of sludge treated by the HCR reaching
42.3% at the highest specific energy input.
Solubilization of the sludge is accompanied by simultaneous particle decomposition and oxidation
of organic matter. Consequently, although the particle decomposition and oxidation of the HCR
were superior to those of the ultrasonic bath, due to contradictory interactions, the solubilization
performance was similar in the two devices.
4. Conclusions
In the present work, to evaluate the WAS treatment performance of the rotor-stator type HCR,
the performance was compared conducted with an ultrasonic bath using three assessment factors.
The following conclusions were established from the present work.
•

•

Particle decomposition of the rotor-stator type HCR is superior to that of the ultrasonic bath. After
10 treatments, the median particle size decreased by 92.7% in the rotor-stator type HCR, compared
to a median particle size reduction of 67.6% at the same specific energy input in an ultrasonic bath.
Also, through the results of SVI, it was discovered that the rotor-stator type HCR decomposed the
sludge much more uniformly compared to the ultrasonic bath.
A comparison of the TCOD and VSS reduction rates revealed that the rotor-stator type HCR had
superior oxidation performance over the ultrasonic bath. In case 1, which had the lowest specific
energy input, the rotor-stator type HCR reduced the TCOD and VSS by 53% and 66%, respectively.
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On the other hand, the ultrasonic bath reduced the TCOD and VSS by 0% and 26%, respectively.
In case 4, which had the highest specific energy input, the rotor-stator type HCR showed oxidation
performance; the reduction rate of TCOD and VSS were calculated as 67% and 74%, respectively.
As shown through SCODn and the solubilization rate, the two devices showed similar solubilization
performance. Since particle disintegration and oxidation counteract each other, in case 1 and case 2,
the ultrasonic bath exhibited only a slightly higher solubilization rate. In contrast, the rotor-stator
type HCR in case 3 and case 4 showed a slightly higher solubilization rate. In case 1, which shows
significant different oxidation performances, the SCODm values were considerably different.

In the present paper, superior WAS treatment performance of the rotor-stator type HCR was revealed,
especially at a low specific energy input. This result shows that the rotor-stator type HCR could
be utilized as a more efficient WAS treatment device and may be of use even though the operating
conditions in the present work were not optimized. Studies into the optimal conditions for the
rotor-stator type HCR operation should be conducted. In the meantime, the rotor-stator type HCR can
be utilized as an effective and environmentally friendly WAS treatment technique.
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