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Abstract

The advanced rotational hydrodynamic cavitation reactors (ARHCRS) that
appeared recently have shown obvious advantages compared with conventional devices
in process intensifications. In ARHCRSs, the cavitation generation unit (CGU) located
on the rotor and stator basically determines their performance. For the first time, the
present study investigated the effect of the CGU structure on the performance of a
representative ARHCR by utilizing computational fluid dynamics. The amount of
generated cavitation and required torque of the axis for various shapes, diameters,
interaction distances, heights, and inclination angles of the CGU were analyzed. The
results indicate that the interaction-type ARHCR (cavitation is generated by stator-rotor
interaction) was far superior to the non-interaction type one. In addition, the
hemisphere-shaped CGU demonstrates the best performance compared with that with
cone-cylinder, cone, and cylinder shapes. Moreover, by evaluating the effects of various
geometrical factors, the hemisphere-shaped CGU with a diameter of 12 mm, interaction
distance of 1 mm, height of 1 mm, and inclination angle of 10° achieved the highest
performance. The reasons leading to different performance were elaborated in
accordance with the flow and pressure field distributions, as well as the generated
cavitation patterns. The findings of this work can strongly support the fundamental
understanding, design, and application of ARHCRs for process intensifications.
Keywords: Hydrodynamic cavitation reactor; Numerical simulation; CGU structure;

Cavitation generation efficiency; Process intensification
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1. Introduction

Cavitation is a rapid phase-change phenomenon consisting of the formation,
growth, and subsequent collapse of cavitation bubbles in a liquid medium. During
cavitational collapse, huge energy, including intense mechanical, thermal, and chemical
effects, can be released into surrounding liquids. This process creates extraordinary
conditions of pressures of ~1000 bar, local hotspots with ~5000 K, and high reduction
and oxidation (H- and OH- can be produced by the chemical transformation of water
molecules) in room environment [1]. This kind of sonochemistry effect induced by
cavitation can be effectively applied to a large number of process intensifications, such
as emulsification, extraction, degradation, synthesis, and catalysis, for improving
treatment effectiveness, eliminating the need for extra costly solvents, and reducing the
requirements for reaction conditions (e.g., temperature, pressure, concentration, and
purity) [2-4].

The sonochemistry effect can be easily generated by ultrasound (i.e., acoustic
cavitation, abbreviated as AC) [5], which was discovered by Richards and Loomis as
early as 1927 [6]. Since the 1980s, AC technology has rapidly developed and now has
been widely utilized in small-scale applications. Due to the limitation of ultrasound
propagation and the high equipment cost, AC is not suitable for large-scale industrial
applications in terms of the current device technology [7]. On the contrary,
hydrodynamic cavitation (HC), which offers the advantages of good scalability and

inexpensive device, has shown the similar treatment mechanism to that of AC in various
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applications [8], such as degradation of organic compound [9], microbial inactivation
(water disinfection [10] and cell disruption [11]), waste-activated sludge treatment [12],
biofuel synthesis [13], refining of cellulose pulp [14], nanoparticle dispersion [15],
extraction [16], flotation [17], surface finishing [18], viscosity reduction [19],
nanomaterial synthesis [20], improvement of food property [21], depolymerization [22],
liposome destruction [23], emulsification [24], and cotton bleaching [25]. Moreover,
due to the extraordinary conditions created by sonochemistry, HC can be effectively
combined with other physical or chemical techniques, e.g., AC [26], electrochemical
[27], oxidation [28], catalyst [29], ultraviolet [30], and biological methods [31].
Therefore, HC technology is widely considered to have great potential for industrial-
scale process intensifications [32].

Process parameters, e.g., energy input, dosage, time, pH, or temperature, can
largely influence the treatment effectiveness of HC technology, which have been
extensively investigated in the previous studies. Nevertheless, the most important issue
for HC technology is the design of high-performance hydrodynamic cavitation reactors
(HCRs) [33]. So far, various categories of HCRs have been employed to achieve the
sonochemistry effect: Venturi tube [34], orifice plate [35], high-pressure homogenizer
[36], high-speed homogenizer [37], liquid whistle reactor [38], swirling jet reactor [39],
and vortex diode [40], etc. Recently, several advanced rotational HCRs (ARHCRs) with
the performance far beyond that of conventional HCRs have been presented, however,

the amount of the mechanism research on the ARHCRs themselves is considerably
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limited. Specifically, even though several researchers investigated the characteristics of
ARHCRs by experimental flow visualization [10, 14, 41-46], computational fluid
dynamics (CFD) [47], and characteristic experiment [10, 41, 44, 45], it is still far from
complete due to the lacks of the corresponding mechanisms and the design criteria of
ARHCRs. For ARHCRs, the cavitation generation unit (CGU) located on the rotor and
stator is the most essential element, therefore, its geometrical structure is extremely
vital for the cavitation generation, as well as effectiveness and economic efficiency.
Nevertheless, to the best of our knowledge, no experimental or numerical work on the
effect of CGU structure on the performance has been published in the past, which
largely influencing the further investigations on the geometrical optimization and
design of ARHCRs, as well as the development of HC technology.

Recently, we successfully discovered the cavitation generation mechanism and
cavitation development process of a representative ARHCR [10, 12, 44, 45, 48] by
utilizing a new CFD strategy which simplified the interaction flow region between the
rotor and cover to 1/32 of the full flow path [49]. In this study, we investigated the effect
of CGU structure on the ARHCR performance by employing this CFD strategy for the
first time. The effects of shapes, diameters, interaction distances, heights, and
inclination angles of the CGU on the amount of cavitation generation and energy
consumption were revealed. By analyzing the flow and pressure fields, the reasons
leading to different performance were discussed. The findings will provide strong

support to the fundamental understanding, design, and application of ARHCRs in


http://mostwiedzy.pl

process intensifications.
2. Numerical Method
2.1 Governing Equations

In the Euler-Euler approach, various phases are mathematically treated as
interpenetrating continua by deriving a set of equations characterized by volume
fractions of each phase from conservation equations. As one of the most representative
models in the Euler-Euler approach, the mixture model predicts fluid and gas phases by
solving the continuity and momentum equation for the mixture, and the volume fraction
equations for the secondary phases. The continuity and momentum equations for the

mixture are as follows [50].

%(pm)+v'(pm\7m)=0 @)
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where V_ is the mass-averaged velocity, p, is the mixture density, s, is the
viscosity of the mixture, n is the number of phases, ¢, is the volume fraction of
phase, and V,  is the drift velocity for secondary phase.
2.2 Turbulence and Cavitation models

To accurately predict the turbulence behavior of different categories of fluid flows,
choosing an appropriate turbulence model is the most important issue in CFD numerical
simulations [51]. The Reynolds-Averaged Navier-Stokes (RANS) turbulence models,

basing on the Boussinesq eddy viscosity assumption, have shown their advantages in a
7
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great number of industrial applications [52]. The shear stress transport (SST) k-omega
model, which combines the advantages of the standard k-epsilon and standard k-omega
models, has been successfully applied to cavitating flows which are characterized by
highly unsteady and strong separation features [53], because of reasonable accuracy
and cost. Even though the large eddy simulation (LES) normally yields better
quantitative agreement with experimental data than the RANS models [54], even
nowadays the LES requires several orders of magnitude more CPU time than RANS
models [55]. Therefore, the SST k-omega model was used to predict the cavitating
flows in the ARHCR in the present study. The description of the SST k-omega model
can be found in the study by Menter [56] and is not repeated here.

The Schnerr-Sauer model, which derives the exact expression for the net mass
transfer from liquid to vapor, was utilized to model the cavitation flow behavior [57].
The liquid-vapor mass transfer in this model is defined as follows.

3 2R -P

A P
= o(l-a)— |= (3)
P ( )SRB 3 p
where R, is the bubble radius:
a 31 V3

R, =| ——= 4

: (l—a A n) )
2.3 Solver Setup

In the present study, the commercial CFD code ANSY'S Fluent 18.2 was applied to
predict the cavitating flow in the ARHCR. The incompressible Navier-Stokes equations

were discretized by utilizing the finite volume method with double precision. To
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robustly derive the additional condition for pressure by reformatting the continuity
equation, the Coupled scheme was used to achieve the pressure-velocity coupling. For
the spatial discretization, the QUICK scheme was applied to the momentum and volume
fraction equations. The second-order upwind scheme was used for the turbulence
kinetic energy and turbulence dissipation rate equations, together with the PRESTO!
interpolation scheme for pressure. To ensure the stability of the iteration, the flow
courant number was specified as 50 and the under-relaxation factors in the vaporization
mass and volume fraction equations were adjusted to 0.1 [49].

To achieve reliable results, five interaction cycles (0.5 ms/cycle) with a time step
of 0.0625 ms were conducted for each case. Because the total vapor volume varies
(normally increases) as the iteration progresses, the convergence criterion for each time
step was specified as no variation in the total vapor volume, instead of using any
residual of the flow or turbulent properties. This criterion can be achieved after 500
iterations for each time step, meanwhile, all the residuals can reduce to less than 10,
Therefore, the numbers of the total time step and iteration per time step were specified

as 40 and 500, respectively [49].
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Side Cover

Fig. 1 Schematic diagram of the ARHCR [48].

) Static Part

Moving Part \ Periodic condition

Periodic condition

Rotational direction

Fig. 2 Computational domain and boundary conditions of the simplified model of the

ARHCR [49].

2.4 Computational Domain and Boundary Conditions

The ARHCR contained a front cover, rotor, side cover, and rear cover, as shown in

Fig. 1. 32 cone-cylinder-shaped CGUs with a diameter of 10 mm and a height of 3.5

mm were processed on the surface of the rotor, front cover, and rear cover in a single

10
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row, respectively, equally spaced. The detailed description can be found in our previous
research [48]. Because the cavitation flow field and geometry of the ARHCR
periodically change, the full flow path can be simplified to 1/32 of the interaction region
as the computational domain for each case (Fig. 2), as confirmed in our previous study
[49]. The structure of the original model was identical to the real ARHCR. To eliminate
the interference effect from the side walls on the flows, the length of the domain in the
radial direction was specified as 40 mm which is four times the diameter of the CGU.
The original interaction distance between the rotor and stator was specified as 2 mm.
To reveal the effect of CGU structure on the performance, various geometrical factors,
i.e., shapes (cone-cylinder, non-interaction type, cone, cylinder, and hemisphere),
diameters (D =8, 9, 10, 11, and 12 mm), interaction distances (s =1, 1.5, 2, 2.5, and 3
mm), heights (h =0, 0.5, 1, 1.5, and 2 mm), and inclination angles (8 = -20°, -10°, 0°,
10°, and 20°) of the CGU were investigated. The detailed information on the
geometrical factors can be found in Fig. 3.

Due to the highly unsteady nature of the cavitation phenomenon, the adequate mesh
category and size of the computational domain have to be ensured in numerical
simulations. Because polyhedral grid offers better accuracy, convergence, and
convenience compared with tetrahedral and hexahedral grids [44], it was applied to the
present study for each case and was generated by combining ANSYS Meshing 18.2 and
ANSYS Fluent 18.2. To meet the requirement of the low-Reynolds number boundary

condition for the SST k-w model, ten inflation layers were generated near the walls with

11
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Y . ~1 for the first layer. To accomplish the interaction of the moving and static

plus

CGUs, the upper region (marked in grey) was specified as the static part and the bottom
region (marked in blue) was specified as the moving part rotating clockwise on Z-axis
with a rotational speed of -3600 rpm, as shown in Fig. 2. The surfaces of the left and
right ends of each part were mutually specified as one pair of periodic conditions,
respectively. All other faces were set to walls with no-slip condition and the roughness
height was assumed to be zero. The saturated vapor pressure of water was set to 2064
Pa corresponding to the experiment temperature. The bubble number density was

specified as 10° [49].

_ 150° -
(a) Shape Smmml Smml‘a\”“’m ‘ ‘ \

10 mm 7 10mm 10 mm 7 10 mm
Original Selected

(b) Diameter, D ‘\ Y
‘—Pi
8 mm

(c) Interaction
distance, s

(e) Inclination
angle, 0

Fig. 3 Various geometrical factors of the CGU investigated in the numerical simulation.

12
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In the present study, the total volume fraction of vapor, «,

total ?

and the total torque

of the rotor wall per unit volume, ‘ﬁz

IV, » Were utilized to evaluate the performance

of the simplified ARHCR. «,

total

Is a convenient parameter standing for the induced

cavitation intensity, which can be defined as the ratio of the total vapor volume, V.

vapor !

to the total volume of the computational domain, V.. :

total *

a — vapor — i=1 (5)

where N is the total number of cells in the computational domain, ¢

vapor

is the vapor
volume fraction of each cell, and V, is the volume of each cell. M, which can
represent the required shaft power of the electric motor, can be calculated by summing
the cross products of the pressure and viscous force vectors for each face with the
moment vector:

M:=rxF +rxF, (6)
where r is the vector from the moment center to the force origin, Fj is the pressure

—

force vector, and F, is the viscous force vector.

The cavitation generation efficiency, 77, can be expressed as the ratio of «,,, to
‘mz /Vtotal :
Vvapor

Because the maximum intensity of the interaction effect appeared before the

coinciding stage [49], to intuitively demonstrate the difference in the performance of

13
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each structure, « and M, ineach case were obtained at 15.9375 ms.

vapor

Table 1 Results of the grid-independence test for the simplified ARHCR model.

. Maximum element Ciotal
Resolution .
size (mm)
(%)
Coarse 3.5 1.478
Medium 2.5 1.524
Fine 15 1.522

Stator Rotor

15.8125ms

15.9375 ms 16.0625 ms

Fig. 4 Cavitation phenomenon generated by the CGUs during one interaction cycle
from 15.625 to 16.0625 ms (CGU represents cavitation generation unit, SC represents
sheet cavitation region, and VVC represents vortex cavitation region). The left represents

experimental flow visualization and the right represents numerical top view. The iso-
14
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surfaces in grey color represent cavitation patterns with the volume fraction of gas
phase at 0.1 [49, 58].

P
wn
T

CFD

———— Experiment

—
e [
! I

(=)
T T

Sheet Cavitation Length (mm)

w
T

fs5 15625 1575 15875 16 16125
Time (ms)
Fig. 5 Change in the sheet cavitation length (generated by the upper static CGU) in the

flow region from 15.5 to 16.125 ms. (CFD results represent the length at the volume

fraction of gas phase at 0.1) [49].

2.5 Grid-Independence Test and Validation of Numerical Simulation

Because the geometrical models for each case were not identical, the maximum
element size was chosen as the index of the grid resolution, instead of using the total
cell number. Table 1 presents the results of the grid-independence test for three mesh

resolutions of the original model: coarse, medium, and fine. Because the difference of

the «

total

between the medium and fine grids was negligible, a medium grid resolution
was utilized to predict the grid-independent simulation results with a consideration of
economy and grid sensitivity.

To validate the correction of the numerical simulation, Fig. 4 compared the

cavitation phenomenon generated by the CGUs in one interaction cycle on the top view

15
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obtained from the experimental flow visualization (Left) and CFD (Right) [49, 58]. The
sheet cavitation (SC) and vortex cavitation (VC) regions predicted by CFD marched
reasonably well with the experimental observations in both time and space. In addition,
to quantitatively validate the numerical method, the change in the SC length (generated
by the upper static CGU predicted by CFD is compared with that of the experiment, as
shown in Fig. 5 [49]. The good correlation between the numerical and experimental
results demonstrate that the numerical method utilized in this study is highly believable.
3. Results and Discussions

To intuitively compare the performance of various CGU structures, Fig. 6
summarized the effects of different shapes (Fig. 6 (a)), diameters (Fig. 6 (b)), interaction
distances (Fig. 6 (c)), heights (Fig. 6 (d)), and inclination angles (Fig. 6 (e)) on «

total

and ‘ﬁz

IV at the same rotational speed, i.e., 3600 rpm. The specific values,
including 77, were presented in Table 2. Moreover, the effects of the corresponding
structures on the velocity, vector, and pressure distributions, as well as the cavitation

patterns were shown in Figs. 7-11.

16
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Table 2 Effects of various geometrical factors on the performance.

V,

=

M,

™,

vapor Viotal Ciotal p v 2 NV g n
Parameters 6.2
(x10°m?)  (x10°m’) (%) (N-m) (N-m) (Nm) 10Ny (x0T MIN)
Cone-cylinder 3.878 2.544 1.524 1.692 0.143 1.835 7.214 2.113
Non 0 2.234 0 0.282 0.108 0.390 1.745 0
Shape Cone 1.946 2.185 0.890 0.595 0.134 0.729 3.336 2.669
Cylinder 2.567 2.709 0.947 1.313 0.129 1.442 5.322 1.780
Hemisphere 4.467 2.447 1.826 1.329 0.143 1472 6.017 3.035
8 1.548 2.191 0.707 0.756 0.149 0.905 4.131 1.710
9 2.641 2.305 1.146 1.065 0.149 1.214 5.267 2.175
Diameter
10 4.467 2.447 1.826 1.329 0.143 1.472 6.017 3.035
(mm)
11 7.674 2.620 2.929 1.753 0.138 1.891 7.219 4.057
12 14.555 2.828 5.147 2.492 0.117 2.609 9.227 5.578
1 6.093 1.485 4.105 1114 0.158 1.272 8.567 4,791
Interaction 15 4.237 1.966 2.156 1.449 0.141 1.590 8.091 2.664
distance 2 4.467 2.447 1.826 1.329 0.143 1.472 6.017 3.035
(mm) 25 8.025 2.928 2.741 1.421 0.139 1.560 5.328 5.144
3 7.263 3.409 2.131 1.444 0.134 1.578 4.630 4.602
0 4.467 2.447 1.826 1.329 0.143 1.472 6.017 3.035
0.5 5.490 2.525 2174 1.381 0.140 1.521 6.024 3.610
Height
1 6.908 2.604 2.653 1.422 0.134 1.556 5.976 4.440
(mm)
15 5.936 2.682 2.213 1.316 0.127 1.444 5.382 4.112
2 2.980 2.761 1.079 1.123 0.126 1.249 4.523 2.386
-20 2.756 2.594 1.063 1.281 0.134 1.415 5.455 1.948
-10 4.427 2.601 1.702 1.346 0.135 1481 5.694 2.989
Inclination
0 6.908 2.604 2.653 1.422 0.134 1.556 5.976 4.440
angle (°)
10 14.330 2.601 5.509 1.543 0.136 1.679 6.455 8.534
20 12.323 2.594 4,751 1.801 0.134 1.935 7.459 6.369

A\ MOST
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Journal Pre-proofs

Rotational
direction

(a) Cone-cylinder

(b) Non-interaction

(d) Cylinder

(e) Hemisphere
Fig. 7 Effect of various CGU shapes on the flow and pressure fields. The left shows the
velocity and vector distributions in relative reference frame on the middle plane, the
middle shows the static pressure distribution in relative reference frame on the middle
plane, and the right shows the bird’s-eye view with a static pressure distribution of the
rotor surface. The iso-surfaces in grey color in the middle and right represent cavitation

patterns with the volume fraction of gas phase at 0.2.
19
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3.1 Effect of Shape

In accordance to the presence of CGU on stator or not, ARHCRSs can be categorized
into two types: interaction (i.e., cavitation is generated by the interaction motion
between the stator and rotor) [46] and non-interaction (i.e., cavitation is only generated
by the rotor) [59]. For the interaction type, taking the cone-cylinder-shaped CGU [48],
i.e., the original structure, for an example (Fig. 7 (a)), due to viscosity the fluid in the
ARHCR was driven by the rotor wall, and the flow direction was identical to the
rotating direction in the absolute reference frame. The fluid in the static part (i.e., upper
part) formed a vortex inside the static CGU and impacted the downstream edge of the
CGU. The impact flow was suddenly veered and accelerated (from 25 to 35 m/s) and
generated a separation region on the downstream side. For the fluid in the moving part,
because the absolute velocity of the driven fluid was lower than the motion velocity of
the rotor (i.e., 46 m/s), thus the relative flow direction was opposite to the rotor motion,
which can be clearly observed in the vector distribution in relative reference frame (Fig.
7 (a) Left). Similar to the flow structure in the static part, the flow in the lower part
induced the vortex and separation regions inside the moving CGU and on its
downstream side. As the static pressures in the vortex and separation regions became
lower than saturated vapor pressure, VC and SC regions were formed (Figs. 7 (a)
Middle and Right). The upstream flow velocity in the moving part was higher than that
in the static part, resulting in the higher impact and vortex velocities, and consequently,

the larger VC and SC regions were formed. In addition, each high-pressure region (over

20
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4.5x10° Pa) appeared at the bottom of the downstream wall of the moving CGU and on
the top of the downstream wall of the static CGU, respectively, which demonstrates that
the interaction effect between the stator and rotor was considerably strong (Figs. 7 (a)
Middle and Right). The strong compressing effect between the two vortexes further
increased the impact and vortex velocities, therefore, a well-developed vortex is
conducive to the formation of both SC and VC. In summary, increasing the interaction
intensity led to higher impact and vortex velocities, and consequently, higher separation
and vortex intensities can be achieved. The detailed demonstration of the flow and
pressure fields can be found in our previous work [49].

On the contrary, for the non-interaction type without the disturbance from the static
CGU (Fig. 7 (b) Left), the upstream flow velocity (35-38 m/s) was much higher than
that of the interaction type (20-30 m/s). The relative velocity in the moving part
significantly was reduced from approximately 30 to 10 m/s, resulting in much lower
impact and vortex velocities compared with those of the interaction type. Therefore, no
obvious low-pressure or cavitation regions were formed in the CGU or on its
downstream side (Figs. 7 (b) Middle and Right). Moreover, due to the minor difference
in the velocity between the fluid and rotor, the maximum pressure on the downstream
walls also considerably dropped to 1x10° Pa, which means that the interaction effect
was very limited. This can be also confirmed by the pressure torque presented in Table
2: the pressure torque of the cone-cylinder shape (1.692 N-m) was 6 times that of the

cone shape (0.282 N-m). Therefore, even though the interaction type required 3.13

21
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1V,

total

times more ‘ﬁz compared with the non-interaction type (1.745 x 10° N/m?),

the interaction-type ARHCRs, which can largely enhance the generated cavitation
intensity (Fig. 6 (a)), are still a wise choice in most applications.
In the past, a number of ARHCRs with various CGU shapes, e.g., cone-cylinder
[10, 60-63], cylinder [47, 64], and hemisphere [59, 65] were proposed. Figs. 7 (c)—(e)
show the effects of various CGU shapes (i.e., cone, cylinder, and hemisphere) on the
flow and pressure fields. For the cone-shaped CGU with a sloped wall (Fig. 7 (c)), the
absence of geometrical irregular parts weakened the interaction effect between the two
CGUs, leading to lower pressure on the downstream walls (3x10° Pa (Figs. 7 (c) Middle
and Right)), velocity of the upstream flows (approximately 25 m/s (Fig. 7 (c) Left)),
and pressure torque (0.595 N-m (Table 2)). Compared with the cone-cylinder shape, the
generated SC regions considerably shrank because of the reduced impact velocity (from
approximately 22 to 15 m/s) and the smaller separation region caused by the lesser
angle of the impact flow. In addition, due to the insufficient space of the CGU and lower
vortex velocity, the dimension of the induced VVC regions, especially the lower one, was
largely reduced. The under-developed vortexes also limited the further increase in the
impact velocity. Overall, although the 7 of the cone-shaped CGU reached 2.669 x 10
& m?/N, which is 1.26 times that of the cone-cylinder shape, its «,,, was considerably
low (0.890%).
Compared with the cone-cylinder shape, the interaction intensity in the cylinder-

shaped CGU was reduced, which can be confirmed by the less area of high-pressure
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regions on the CGU walls (Figs. 7 (d) Middle and Right) and the lower pressure torque
(2.313 N+m). Thus, both the length and the thickness of the SC regions were reduced.
Moreover, the VC region in the moving CGU was largely compressed because the
vortex was highly twisted, resulting from the irregular shape of the cylinder. As a result,
the corresponding «,, and 7 were 0.947% and 1.780 x 10 m?/N, respectively.

Compared with the cone-cylinder shape, the hemisphere-shaped CGU improved
the o, and 7 by 19.82% (from 1.524 to 1.826%) and 43.63% (from 2.113 to 3.035
x 108 m?/N), respectively. This is because the smooth transition of the hemisphere
shape not only formed two well-developed vortexes inside the CGUs but also largely
reduced the drag force during the interaction process (Figs. 7 (e) Middle and Right).
The pressure torque was reduced from 1.692 to 1.329 N-m. The stronger compressing
effect between the two vortexes resulted in higher impact and vortex intensity and
finally enlarged the dimension of the SC and VVC regions.

Among the four categories of the CGUs, the cylinder and cone shapes have to be

avoided in ARHCR designs as their considerable low «

total

or 7. The hemisphere-
shaped CGU with the highest 7 (i.e., 3.035 x 108 m?/N) is the primary option. In
addition, the cone-cylinder shape witha 7 0f2.113 x 10® m?/N is an alternative in the
circumstances of limited budgets or machining conditions. Due to the lack of the
experimental comparison in the previous works, the above results are needed to be
validated by experimental flow visualization or characteristic experiment. Because of

the high performance of the hemisphere-shaped CGU, the investigation on the effects

23


http://mostwiedzy.pl

of diameter, interaction distance, height, and inclination angle in the next four sections

is based on the hemisphere shape.
3.2 Effect of Diameter

As demonstrated in Fig. 8, increasing the diameter of the hemisphere-shaped CGU
from 8 to 12 mm significantly increased the dimensions of the SC and VC regions (Figs.
8 Middle and Right), which can be attributed to the following reasons. First, the larger
interaction effect between the two CGUs was induced by scaling up. The pressure
torque was increased by 229.63% (from 0.756 to 2.492 N-m). Thus, both the relative
and absolute areas of high-pressure regions located on the downstream walls were
enlarged. Second, due to the higher interaction intensity and more sufficient space of
the CGUs, the VC regions formed by the well-developed vortexes became greater and
greater. In the case of 12 mm, the VC regions almost occupied the whole low-pressure
regions inside the CGUs, as shown in Fig. 8 () Middle. Third, because of the above
reasons, the impact velocity rapidly increased from 30 to 40 m/s or even higher when
the diameter was increased from 8 to 12 mm (Figs. 8 Left), resulted in the longer and

thicker SC regions on the downstream sides. In summary, scaling up the diameter from

8 to 12 mm increased the «

total

by 628% (from 0.707 to 5.147%) with 1.23 times more
input energy (from 4.131 to 9.227 x 10° N/m?), and consequently, increased the 7
from 1.710 to 5.578 x 10® m?/N, as presented in Table 2. This feature demonstrates that
ARHCRs with the hemisphere-shaped CGU can be applied in industrial-scale

applications as their cavitation generation efficiency increases by scaling up.
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Fig. 8 Effect of various CGU diameters on the flow and pressure fields, corresponding
to Fig. 7.
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Fig. 9 Effect of various interaction distances on the flow and pressure fields,
corresponding to Fig. 7.
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3.3 Effect of Interaction Distance

Fig. 9 indicates the effect of various interaction distances (i.e., 1, 1.5, 2, 2.5, and 3
mm) on the flow and pressure fields. The VC regions were obviously expanded by
decreasing the distance from 2 to 1 mm, as shown in Figs. 9 (a)—(c) Middle and Right.
The reason for this is the compressing effect between the two vortexes became much
more violent, resulting in larger vortex volumes, as well as higher vortex velocities. At
the same time, the narrow clearance between the rotor and stator largely limited the
development of the separation regions generated by the impacting flows, which is
harmful for SC generation (Figs. 9 (a)—(c) Left). In addition, due to the narrower
clearance, the amount of the fluids driven by the rotor was decreased, resulting in lower
demand for the rotor shaft power. This can be identified by the less area of the high-
pressure regions on the downstream walls and lower pressure torque (from 1.329 to
1.114 N-m). On the whole, the ARHCR performance can be considerably improved by

decreasing the interaction distance: a decrease in the distance from 2 to 1 mm gave rise

to 124.81% more ¢,

total

(from 1.826 to 4.105%) with 13.59% less shaft power,
resulting in 1.58 times 7 (from 3.035 to 4.791 x 10® m?/N). This finding can be
supported by Petkovsek, et al. [42] who discovered that when the distance between the
rotor and stator of an interaction-type ARHCR was reduced from 3.5 to 0.8 mm, the
standard deviation of the pressure inside the reactor increased two times at 2850 rpm.
Moreover, the pressure amplitudes at 3.5 mm were 0.7 bar on average, while in the case

of 0.8 mm the pressure amplitudes raised up to 1.7 bar.
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On the other hand, the interaction effect became stronger when the distance was
increased from 2 to 2.5 mm. This can be confirmed by the increased pressure torque
(from 1.329 to 1.421 N-m) and area of the high-pressure regions (Figs 9. (c) and (d)
Middle and Right). Therefore, the higher impact and vortex intensities resulted in larger
SC and VC regions. The «,,, Wwas increased by 50.11% (from 1.826 to 2.741%).
When the distance was increased from 2.5 to 3 mm, even the interaction intensity
almost remained unchanged (from 1.421 to 1.444 N-m), however, the wider clearance
between the rotor and stator weakened the compressing effect between the two vortexes,
causing lower e, (reduced from 2.741 to 2.131%). It can be predicted that the
cavitation generation efficiency will continuously reduce by further increasing the
interaction distance.

In summary, the interaction distance between the rotor and stator is an important
factor affecting the performance of interaction-type ARHCRs. Narrower clearances can
significantly improve the cavitation generation efficiency, however, it needs a
considerably high requirement for axial or radial stability of the rotor, in order to
maintain proper distance and avoid the interference between the rotor and stator. On the
other hand, an appropriate increase of distance can enhance the cavitation generation

efficiency and treatment capacity.
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(&) h=2mm
Fig. 10 Effect of various heights on the flow and pressure fields, corresponding to Fig.
1.

3.4 Effect of Height

The performance of the hemisphere-shaped CGUs with various heights (i.e., 0, 0.5,
1, 1.5, and 2 mm) was shown in Fig. 10 and Table 2. The diameter, interaction distance,
and inclination angle were specified as 10 mm, 2 mm, and 0°, respectively. By
increasing the height from 0 to 1 mm, the ¢, increased by 45.29% (from 1.826 to

2.653%) with a slight decrease in |ﬁz N, (from 6.017 to 5.976 x 10°> N/m?),

leading to 46.29% more 77 (from 3.035 to 4.440 x 10 m?/N). This is because that the
two vortexes, especially the lower one, obviously grew during this process, these two
well-developed vortexes formed larger VC regions, as shown in Figs. 10 (a)—(c). In
addition, the larger the vortex volume, the stronger the compressing effect, which led
to greater SC regions generated by the accelerated impact flows.

On the contrary, excessively increasing the height can significantly degrade the
performance. An increase in the height from 1 to 2 mm resulted in the decreases in the

Qe and 77 from 2.653 to 1.079% and 4.440 to 2.386 x 10® m?/N, respectively. The

to
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SC regions almost disappeared on the downstream sides (Figs. 10 () Middle and Right).
This is because that the formed vortexes in the hemisphere-shaped CGUs with
excessively high height overdeveloped, the impact flow became parallel to the rotor
and stator walls. With weakened interference from the CGUs, the average flow velocity
largely increased (from 30 to 35 m/s), leading to much less interaction effect between
the stator and rotor. This can be also confirmed by the reduction in the pressure torque
from 1.422 to 1.123 N-m. As a result, the intensity and dimension of the VC regions

were largely reduced.
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(e) 6=20°
Fig. 11 Effect of various inclination angles on the flow and pressure fields,

corresponding to Fig. 7.

3.5 Effect of Inclination Angle

The effect of inclination angle on the performance was demonstrated at five levels,
i.e., -20°, -10°, 0°, 10°, and 20°. The diameter, interaction distance, and height were set
to 10, 2, and 1 mm, respectively. As shown in Table 2 and Fig. 6 (e), negative inclination

angles are not favorable to the cavitation generation: the «,

total

, and 7 were reduced

from 2.653 to 1.063% and from 4.440 to 1.948 x 10® m?/N, respectively, by decreasing
the angle from 0° to -20°. As the slope of the CGU walls was decreased, the area of the
high-pressure regions on the downstream walls was shrunk (Figs. 11 (a)—(c) Middle and
Right), the pressure torque was reduced from 1.422 to 1.281 N-m, which indicates that
the interaction effect between the two CGUs became weaker. The lower vortex
velocities (Figs. 11 (a)—(c) Left) and intensities resulted in the significant reductions in
the VC regions. In addition, the slight reductions in the SC regions were caused as the
impact flow was almost parallel to the rotor or stator walls.

On the other hand, compared with the CGU with 0°, the CGU with 10° improved

the «

total

by 107.65% (from 2.653 to 5.509%), with a slight increase in ‘ﬁz AV
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(from 5.976 to 6.455 x 10° N/m?). Because the open direction of the two CGUs was
identical, the interaction effect became more intense (the pressure torque was increased
from 1.422 to 1.543 N-m), resulting in higher vortex and impact velocities (Fig. 11 (d)
Left) and consequently, larger VC and SC regions (Figs. 11 (d) Middle and Right).

However, when the angle was increased from 10° to 20°, the required ‘ﬁz

Ve WS

rapidly increased from 6.455 to 7.459 x 10° N/m?. In addition, because the impact flows
were nearly parallel to the rotor and stator walls, the development of the separation
regions on the downstream sides was suppressed. The length and thickness of the SC

regions were reduced. Even though the VC regions became larger due to the higher

vortex velocity, the «,, was still decreased from 5.509 to 4.751%. It can be

total
concluded that a small positive inclination angle is the optimal option. The Marsalek,
et al. [63] were the only ones to apply the ARHCR with sloping CGUs to real
applications. The effect of inclination angle on the treatment performance has not been
studied in the past, which is needed to be further revealed.
4. Conclusions
The present work, for the first time, investigated the effects of CGU structures,
including shapes, diameters, interaction distances, heights, and inclination angles, on
the ARHCR performance by CFD. Our findings are as follows.
e The performance of interaction-type ARHCRs was much higher than that of non-
interaction type ones. The hemisphere-shaped CGU showed the highest 77 among

various common CGU shapes.
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e As the CGU diameter was increased from 8 to 12 mm, the 7 was increased by
226.20%, which indicates the excellent scalability of ARHCRs.

* Narrow interaction distances (i.e., 1 mm) performed the best «,,, which was

otal
approximately one time greater than that for wider distances (1.5-3 mm).

* CGUs with an appropriate height (i.e., 1 mm) increased the 7 by 46.29%,
compared with the CGUs with no height.

* Increasing the inclination angle from 0° to 10° increased the 7 by 92.21%, while
negative inclination angles were detrimental to cavitation generations.
The above findings can strongly contribute to the fundamental understanding,

design, and application of ARHCRs in process intensifications. Nevertheless, it should

be noticed that the «,

total

, used in the present study may be not a proper index to
characterize cavitation intensity, because it only stood for cavity size. Other more direct
indexes are needed to be discovered in future. In addition, the experimental validation
by real performance tests and multi-objective optimizations on the CGU structure are

also required.
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Effects of CGU structure on ARHCR performance are studied by CFD.

ARHCRs with rotor-stator interactions are far superior to non-interaction ones.
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Hemisphere-shaped CGUs show the best performance among other common
structures.
Effects of diameter, distance, height, and inclination angle are revealed.

This work offers a viable way to design high-performance ARHCRSs.

43


https://www.researchgate.net/publication/348718891
http://mostwiedzy.pl

