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ABSTRACT: In this paper, the hydroxyl radical yield of a cavitation bubble and its influencing factors in the process of chitosan
degradation with hydrodynamic cavitation in a single-hole orifice plate was investigated by a numerical simulation method. The
hydroxyl radical yield of the cavitation bubble was calculated and analyzed by the Gilmore equation as the dynamic equation
combined with the mass transfer equation, heat transfer equation, energy balance equation, and the principle of Gibbs free energy
minimization. The influence of geometric parameters of the orifice plate and operating parameters on the formation of hydroxyl
radicals was investigated. The results showed that the hydroxyl radicals produced at the moment of cavitation bubble collapse
increased with the increase of the initial radius (R,), upstream inlet pressure (P,), downstream recovery pressure (P,), downstream
pipe diameter (dp), and the ratio of the orifice diameter to the pipe diameter (/). The simulation results provide a certain basis for
the regulation of hydrodynamic cavitation degradation of chitosan.

1. INTRODUCTION by the mechanical and chemical effects produced during the
cavitation bubble collapse. More than 90% of the degradation
of chitosan is caused by the chemical effects,'® which is caused
by hydroxyl radicals (*OH).">™"" Therefore, the key to
regulating the HC degradation process is to make the factors
affecting the generation of *OH clear.

In the process of HC degradation of chitosan, *OH exists for
a short time and can be quickly consumed. Therefore, it is
difficult to accurately analyze the effects of cavitation
conditions on the production of *OH by experiments.
However, the limitations in the experimental process can be
solved by a numerical simulation. In this paper, the influence of

Chitosan is a natural polymer and can be easily derived by the
N-deacetylation of chitin. Chitosan can be degraded into
oligochitosan with a molecular weight of about 10 000 or less.
The oligochitosan has excellent physiological activities, such as
cell affinity, nontoxic, antibacterial, anticancer, and biodegrad-
ability.”” The degradation methods of chitosan mainly include
chemical, enzymatic, and physical methods. Compared with
the first two methods, the physical method is more convenient,
easy to operate and control, the cost is relatively low, and the
degradation products have no pollutants.”™ In addition, the
biocompatibility of chitosan after physical degradation is not
affected, and the degree of deacetylation of the product
changes little.”” Therefore, the physical method is a promising Received: November 2, 2020
route for the degradation of chitosan. Accepted:  January 14, 2021
As an eflicient and low-energy consumption physical Published: January 28, 2021
method, hydrodynamic cavitation (HC) has an obvious
degradation effect on chitosan.”~'" The degradation mecha-
nism of HC is that the chemical bonds of chitosan are broken
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different factors on the *OH yield of a single cavitation bubble
in the chitosan solution was studied by the numerical
simulation, which provided the basis for further research on
the regulation of the process of HC degradation of chitosan.

2. MATHEMATICAL MODEL

To get closer to the real experimental situation, the discharge
coefficient was introduced to calculate the cavitation number.
The dynamic model of the cavitation bubble was established
using the Gilmore equation,'® and the yield of *OH was
simulated based on the principle of Gibbs free energy
minimization.

2.1. Cavitation Number. The cavitation number C; is the
ratio of the two factors that inhibit the formation of liquid
cavitation and promote the formation of liquid cavitation,
which is defined as'’

_2x((®-R)

C.
p X vy

1
(1)
where P, is the downstream recovery pressure of the orifice, P,
is the saturated vapor pressure of the liquid, v is the velocity at
the orifice, and p is the density of the liquid.

However, the cavitation number depends on the orifice
discharge coefficient and the upstream and downstream
pressure of the orifice plate in the actual operation of the
HC equipment. To get closer to the experimental results, the

following empirical formula was used to calculate the cavitation
number.”%*!
1-p* B
C = ;B x =
Ca B (2)

where Cy is the discharge coefficient under cavitation
conditions, f# is the ratio of the orifice diameter to the pipe
diameter. When the pressure difference between P; and P, is
less than 2.8 X 10* Pa and (P, — P,)/(P, — P,) is greater than
1.5, there will be some deviation for C4. Cy is calculated as
follows™*~**

R-F
CC]:CCX
BR—-P

)

A,

A 4)

where C. is the contraction coeflicient, A, is the cross-sectional
area of the orifice, and A, is the cross-sectional area of the pipe.
C4 is a choking cavitation number, which can be defined as
follows™>*~*’

_ 1)

3+

Cp=2X%X|-2| x|——

A A, X C, (5)
When C; is less than Cg, choking cavitation occurs in the
cavitation device, and the cavitation equipment cannot
produce an effective cavitation effect.

2.2. Cavitation Bubble Dynamics Equation. This paper
makes the following assumptions: (1) The cavitation bubble
always keeps a spherical shape during movement. (2) Inside
the cavitation bubble is a mixture of water vapor and argon.'”
(3) The temperature and pressure in the cavitation bubble are
evenly distributed in space.”® " (4) The speed of sound in the
chitosan solution is equal to the speed of sound in the aqueous
solution due to the extremely low concentration of the

C.=0.62 + 038 X
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chitosan solution. Taking into account the effects of viscosity,
surface tension, and compressibility of the solution on the
cavitation bubble wall motion process, the Gilmore equation is
used to describe the time-dependent variation of the cavitation
bubble radius in the flow field downstream of the orifice

platelg"“
2 2
(hjjgﬁ£+ib_L§%%J
cdt) d* 2 3¢ dt N dt
=b+hﬁ%+5b_lﬁﬁﬂ
c dt c cdt)dt (6)
_ (B + B) (PR + B]”_”" )
(”_1)Pth+B (7)
n—1/2n
[PR +B
= CCXJ
P+ B (8)

where R is the instantaneous radius of the cavitation bubble, ¢
is the local sound velocity in the liquid, H is the enthalpy of the
liquid on the wall of the cavitation bubble, c,, is the sound
velocity in the undisturbed liquid, which is 1480 m/s, n is 7.15,
B is 3.05 X 10°® Pa, and Py is the pressure at the cavitation
bubble wall, which can be defined as follows

_20 _4dR
R R dt

P,=P
R i (9)
where ¢ is the surface tension coeflicient of the liquid, y is the
viscosity coefficient of the liquid, and p; is the gas pressure

inside the cavitation bubble, which can be defined as follows
Neot(ET ()
47 1 p3 _ 13\
[3 (R(t) = h )] (10)

where N is the total molecular number of the gas in the
cavitation bubble, i = R/8.86 is the van der Waals hard core
radius, determined by the excluded volume of §as molecules,
and y = 1 is the effective polytropic exponent.”

2.3. Heat and Mass Transfer Model of the Cavitation
Bubble Wall. High temperature and pressure will be
produced at the moment of collapse of the cavitation bubble.
The thermal energy and water molecules in the cavitation
bubble are transferred and diffused into the surrounding liquid
through the cavitation bubble wall boundary layer. The
variation of the number of water molecules in the cavitation
bubble is described as follows'*****

n

W 47TR2D11I_7W
t lase (11)
([ rD R)
lgsgr = miny ’
( drR/dt =« (12)

where n, is the number density of water molecules at the
cavitation bubble wall, n,, is the actual number density of water
molecules in the cavitation bubble, I is the thickness of the
diffusion boundary layer, and D is the diffusion coefficient of
water molecules, which is calculated according to Chapman—
Enskog theory. The thermal energy transfer of the cavitation
bubble wall is similar to mass transfer, which can be estimated
by the following formula'****’

https://dx.doi.org/10.1021/acsomega.0c05335
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Table 1. Substances Produced after the Collapse of the Cavitation Bubble

numbering 1 2 3 4 S 6 7 8 9
substance H, 0, ‘OH H,0, ‘H *HOO °0 0, H,0
dd_Q _ 4;rR2,1T° -T ‘H+ H - H, (20)
t t (13) OH + OH + M — H,0, + M (21)
,[/ Ry R] OH+M—> O+ H+M (22)
ly, = min , —
dR/dt " = (149) 0 + HO,+M — 0,+HO + M (23)
where A is the thermal conductivity of the gas mixture in the . .
H+0,+M HO, + M
cavitation bubble, Iy, is the thermal boundary layer thickness, 2 - 2 (24
and y is the thermal diftusivity. 0,+0+M- 0, +M (25)

2.4. In the Cavitation Bubble Energy Balance Model.
The region surrounded by the cavitation bubble wall is
regarded as an open thermodynamic system. According to the
first law of thermodynamics, the enerigy conservation equation
in the cavitation bubble is as follows "%’

dE _dQ _ dN,

dE _ dv -
dt dt

Yar (15)

where E is the internal energy of the gas in the cavitation
bubble and h, = 4kT, is the enthalpy of water molecules
entering the cavitation bubble from the gas—liquid interface.

- %NArkT + ( + Z( ]]kaT »

By substituting eq 11 into eq 10, the change of temperature in
the cavitation bubble with time is obtained.

Yode

6/T

P
d_T=id_Q__'d_V L4’16—3T
d¢ C, &t C,dt C,
6/T \|dN,
— TZ( 6/T )) d
e’ =1 t (17)
3 (6/T)2 6/T
Co=Nyk+ |2+ ) ( N,k
2 ( i (18)

where C, is the specific heat at the constant volume of the gas
in the cavitation bubble and 6 is the oscillation characteristic
temperature of water molecules, where 6, = 2295 K, 6, = 5225
K, and 6, = 5400 K.

2.5. Reaction Model in the Cavitation Bubble. In the
process of cavitation bubble expansion, a large number of
water molecules diffuse into the cavitation bubble. When the
cavitation bubble wall pressure reaches the Blake threshold, the
cavitation bubble shrinks sharply and collapses rapidly. The
time scale of the cavitation bubble collapse is much smaller
than that of the water molecules diffusing out of the cavitation
bubble, so a significant amount of water molecules in the
cavitation bubble are trapped and cannot diffuse out of the
cavitation bubble.'”*® The water molecules absorb a lot of
energy and decompose under the environment of high
temperature and high pressure caused by cavitation collapse.
The main products are *OH, °H, H,, H,0,, *HOOQO, °O, O,,
HO,, and O;.""'**”** The main chemical reactions occurring
in the cavitation bubble are as follows (M for energy)

H,O+M—- H+ OH+M (19)
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The nine substances considered in this study are the main
substances after cavitation bubble collapse, and they are all
gaseous at the temperature and pressure of cavitation bubble
collapse. Therefore, the total Gibbs free energy of the system
can be obtained by adding the Gibbs free energy of each
component. The minimum total Gibbs free energy indicates
that the system has reached a chemical equilibrium state. The
nine substances produced after the collapse of the cavitation
bubble are numbered, as shown in Table 1.

The total Gibbs free energy equation of the system is as
follows

G

total — (T P, ny, ny, n3, ny, .y ng)

gas (26)

where Gy, is the total Gibbs free energy of the gas phase.
Assuming that there are W kinds of elements and N kinds of
substances in the reaction system, the element conservation

equation of the system is as follows

N
Z nY;

=A, (Y=1,2,3,., W)

(27)

where #n; is the molar mass of substance i, Y; is the number of
atoms of the Y element in substance i, and Ay is the total molar
mass of element Y. Due to the conservation of W kinds of
elements, there are a total of W equations.

The above problem can be transformed into solving the
extreme value of the total Gibbs free energy equation under the
given T, P, and >.~nY; — Ay = 0. The Lagrangian multiplier
method is the preferred method for solving this extreme value
problem, but the accuracy of this method depends on the
initial estimated value of the Lagrangian multiplier. The
Lagrange multiplier A (k = 1, 2, 3,..,n) is usually introduced to
construct the function

(28)

The partial derivatives of n;, n,,..,ny, 4;, and 4, are obtained,
respectively, by this function. The simplified nonlinear
equations are solved using the fsolve function provided by
MATLAB software.

2.6. Simulation Conditions. In this study, an aqueous
solution of chitosan was used as the cavitation medium. The
viscosity average molecular weight of chitosan was 400 kDa.
The effect of different factors, such as upstream inlet pressure
(P,), downstream recovery pressure (P,), chitosan solution
concentration, solution temperature, initial cavitation bubble

N

A X

F=G(T, P, ny, n,, .., n9) — Ay

IIMS
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Figure 1. Geometrical sizes of the orifice plate.

radius (R,), downstream pipeline diameter (d,), and the ratio
of the orifice diameter to the pipe diameter (), on the yield of
*OH and cavitation bubble dynamics was investigated. The
initial conditions used for the solution were as follows: t = 0, R
=Ry, dR/dt =0, N, =0,and T = T,

2.7. Structure of the Hydrodynamic Cavitation
Device. An HC device with a single-hole orifice plate
structure was used in this study, as shown in Figure 1. The
cross sections of the pipe and the orifice hole were circular. d,
was the pipe diameter, d, was the orifice diameter, and L was
the length of the pressure recovery zone downstream of the
orifice plate.

3. RESULTS AND DISCUSSION

3.1. Effect of the Upstream Inlet Pressure. Under the
conditions of T, = 303 K, C = 0.2 wt %, R, = 100 ym, P, = 0.1
MPa, dy = 9 mm, and d, = 25 mm, the influence of the
upstream inlet pressure (0.3, 0.35, 0.4, 0.4S, and 0.5 MPa) on
the *OH yield was investigated. The results are shown in
Figure 2 and Table 2.

0.30MPa
0.35MPa
0.40MPa
0.45MPa
0.50MPa

Figure 2. Variation curve of the cavitation bubble radius ratio with
dimensionless time under different upstream inlet pressures. (P, = 0.3,
0.35, 0.4, 0.45, and 0.5 MPa; T, = 303 K; C = 0.2 wt %; R, = 100 m;
P, = 0.1 MPa; dy = 9 mm; and d, = 25 mm).

The maximum cavitation bubble radius ratio increased
slightly as well as the collapse pressure and collapse
temperature of the cavitation bubble increased with the
increase of the upstream inlet pressure. Furthermore, with
the increase of the pressure gradient and turbulence intensity,
the cavitation bubble collapse effect was enhanced, so the
decomposition rate of water vapor in the cavitation bubble
accelerated and the *OH production increased.”> When the
downstream recovery pressure P, was 0.1 MPa, the choking

3739

Table 2. Collapse Pressure, Collapse Temperature, Water
Molecular Number, and *OH Yield in the Cavitation Bubble
under Different Upstream Inlet Pressures

upstream
inlet molecular

pressure/ collapse collapse number of hydroxyl
MPa pressure/Pa  temperature/K  water (IN,,) radical/mol
0.30 1.54 X 10° 1305.62 1.18 X 10" 4.44 x 10713
0.35 2.53 X 10° 1463.75 124 x 10 935 x 10713
0.40 3.74 x 10° 1595.55 129 X 10%°  1.46 x 10712
045 5.11 x 10° 1707.96 1.32 X 10 2,19 x 10712
0.50 6.78 x 10° 1817.55 1.33 x 10 2.89 x 107"

cavitation (C; < Cg) occurred in the downstream recovery
zone of the orifice plate as the upstream inlet pressure
increased to 0.54 MPa. As a result, the cavitation bubble
collapse was poor due to the very small value of C.***
Therefore, within a certain range, the increase in upstream
pressure was conducive to the generation of *OH. This was
consistent with the experimental studies.”®*”**%°

3.2. Effect of the Downstream Recovery Pressure.
Under the conditions of T, = 303 K, C = 0.2 wt %, R, = 100
um, P, = 1 MPa, d; = 9 mm, and dp = 25 mm, the effect of the
downstream recovery pressure (0.2, 0.25, 0.3, 0.35, and 0.4
MPa) on the *OH yield was studied.

Figure 3 and Table 3 show that the maximum cavitation
bubble radius ratio increased slightly as well as the collapse
pressure and collapse temperature of the cavitation bubble
increased with the increase of the downstream recovery
pressure. When the upstream inlet pressure remained

16 - . . . . . . ' 9
0.20MPa
14 0.25MPa
0.30MPa
0.35MPa
12 0.40MPa
10
2
8
3
6 - 4
4
2
0 . . ]
o 1 2 3 a 5 6 7 8

Figure 3. Variation curve of cavitation bubble radius ratio with
dimensionless time under different downstream recovery pressures.
(P, = 0.2, 0.25, 0.3, 0.35, and 0.4 MPa; T, = 303 K; C = 0.2 wt %; R,
= 100 ym; P; = 1 MPa; dy = 9 mm; d, = 25 mm).
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Table 3. Collapse Pressure, Collapse Temperature, Water

Molecular Number, and *OH Yield in the Cavitation Bubble

under Different Downstream Recovery Pressures

recovery molecular

pressure/ collapse collapse number of hydroxyl
MPa pressure/Pa  temperature/K  water (N,,) radical/mol
0.20 3.13 x 107 2505.57 145 X 10" 9.56 x 1072
0.25 3.35 x 107 2536.39 1.52 x 10" 1.00 x 1071
0.30 3.61 x 107 2573.69 1.56 x 10'° 1.04 x 107"
0.35 3.89 x 107 2612.37 1.58 x 10" 1.08 x 1071
0.40 428 x 107 266523 1.59 x 10" 1.15 x 107!

unchanged, the energy dissipation rate per unit mass of the
liquid and the pressure loss decreased with the increase of the
downstream recovery pressure, so the turbulence frequency
and intensity increased. With the increase of the turbulence
intensity downstream of the orifice plate, the expansion and
collapse of the cavitation bubble became more severe and the
decomposition rate of water vapor in the cavitation bubble
accelerated. Therefore, the yield of *OH in the cavitation
bubble increased when the downstream recovery pressure
increased.”"*

3.3. Effect of the Chitosan Solution Concentration.
Under the conditions of T, = 303 K, Ry, = 50 ym, P, = 0.5
MPa, P, = 0.1 MPa, dy = 9 mm, and d, = 25 mm, the effect of
the concentrations of the chitosan solution (0, 0.2, 0.4, and 0.6
wt %) on the *OH yield was studied.

40 T T T T T T T 1

pure water

35 ’ 0.2wt%

0.4wt%
0.6wt%

30

R/RO
N
-}

t/r

Figure 4. Variation curve of the cavitation bubble radius ratio with
dimensionless time at different concentrations. (C = 0, 0.2, 0.4, and
0.6 wt %; T, = 303 K; Ry = 50 um; P; = 0.5 MPa; P, = 0.1 MPa; d, =
9 mm; and d,, = 25 mm).

Figure 4 and Table 4 show that the maximum bubble radius
ratio, collapse temperature, and pressure decreased with the
increase of the concentration of the chitosan solution. As the
concentration of the chitosan solution increased, the viscosity
of the system increased, which caused the increase of the

resistance to the formation of the gas core and bubble
expansion. Therefore, with the decrease of the maximum
radius of the bubble and the cavitation strength, the collapse
pressure, collapse temperature, and the production of hydroxyl
radicals decreased. Moreover, with the increase of the chitosan
concentration, the partial pressure of water vapor and the
number of the water molecules entering the bubble from the
air interface further decreased. Therefore, the increase of the
concentration of the chitosan solution decreased the
production of hydroxyl radicals and the degradation effect
also decreased, which was consistent with the experimental
results.”

3.4. Effect of the Solution Temperature. Under the
conditions of Ry = 50 ym, P, = 0.5 MPa, P, = 0.1 MPa, C = 0.2
wt %, dy = 9 mm, and d, = 25 mm, the influence of the liquid
temperature (293, 298, 303, and 308 K) on the *OH yield was
investigated. The results are shown in Figure S and Table S.

30

293K |
298K

Figure S. Variation curve of the cavitation bubble radius ratio with
dimensionless time at different liquid temperatures. (T = 293, 298,
303, and 308 K; R, = 50 um; P; = 0.5 MPa; P, = 0.1 MPa; C = 0.2 wt
%; dy = 9 mm; and d, = 25 mm).

The simulation results show that the number of water
molecules in the cavitation bubble increased, but the maximum
radius ratio, collapse pressure, and collapse temperature of the
cavitation bubble decreased with the increase of the solution
temperature. The physical properties of the solution, such as
density, viscosity, surface tension, and saturated vapor pressure,
changed with the increase of the solution temperature. With
the increase of the saturated vapor pressure and the number
density of water molecules at the cavitation bubble wall, the
number of water molecules diffused into the cavitation bubble
increased. On the other hand, with the increase of the liquid
temperature, the surface tension decreased, which led to the
decrease of the collapse pressure and collapse temperature.
Compared with the increase of the number of water molecules,
the decrease of the collapse pressure and temperature has a
greater influence on the yield of free radicals. Therefore, the

Table 4. Collapse Pressure, Collapse Temperature, Water Molecular Number, and *OH Yield in the Cavitation Bubble under

Different Liquid Concentrations

concentration of the chitosan solution/wt %  collapse pressure/Pa

collapse temperature/K

molecular number of water (N,,)

hydroxyl radical/mol

pure water 2.10 X 107
0.2 4.94 x 10°
0.4 3.60 X 10°
0.6 8.24 x 10°

2232.86 2.55 x 10%° 8.48 x 10712
1630.16 8.18 x 10™ 1.15 X 10712
1523.15 7.18 x 10™ 7.21 X 1078
1092.55 4.60 x 10" 5.08 x 1071
3740 https://dx.doi.org/10.1021/acsomega.0c05335
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Table S. Collapse Pressure, Collapse Temperature, Water Molecular Number, and *OH Yield in the Cavitation Bubble at

Different Liquid Temperatures

solution temperature/K collapse pressure/Pa

collapse temperature/K

293 1.33 X 107 2018.03
298 8.35 x 10° 1829.05
303 4.94 x 10° 1630.16
308 2.66 x 10° 1414.96

molecular number of water (N,,) hydroxyl radical/mol

5.69 x 10 227 x 10712
6.99 x 10" 1.98 x 10712
8.18 x 10™ 1.15 X 10712
9.14 x 10" 549 x 1078

increase of the solution temperature led to the decrease of the
‘OH yield, which was consistent with the experimental
results.*>*’

3.5. Effect of the Initial Radius of the Cavitation
Bubble. Under the conditions of Ty = 303 K, C = 0.2 wt %, P,
= 0.5 MPa, P, = 0.1 MPa, d, = 9 mm, and dp = 25 mm, the
influence of the initial cavitation bubble radius (50, 70, 90, 110,
and 130 ym) on the *OH yield was investigated. The results
are shown in Figure 6 and Table 6.

257 T r T
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Figure 6. Variation curve of the cavitation bubble radius ratio with
dimensionless time under different initial cavitation bubble radii. (R,
= 30, 50, 70, 90, and 100 ym; T, = 303 K; C = 0.2 wt %; P, = 0.5
MPa; P, = 0.1 MPa; dy = 9 mm; and d, = 25 mm).

Table 6. Collapse Pressure, Collapse Temperature, Water
Molecular Number, and *OH Yield in the Cavitation Bubble
at Different Initial Cavitation Bubble Radii

initial molecular
radius/ collapse collapse number of hydroxyl
p{m pressure/Pa  temperature/K water (N,,) radical/mol
50 494 x 10° 1630.16 8.18 x 10 1.15 x 10712
70 5.93 x 10° 1720.69 1.03 x 10 1.83 x 107*2
90 6.56 X 10° 1787.25 1.24 x 10" 246 x 10712
110 6.87 x 10° 1840.78 1.44 x 10" 3.26 x 10712
130 6.90 X 10° 1885.70 1.63 X 10*° 3.82 x 10712

Figure 6 and Table 6 show that with the increase of the
initial radius of the bubble, the maximum radius of the bubble
increased, the collapse pressure and collapse temperature of
the cavity increased, and the number of water molecules
evaporated into the bubble increased. Consequently, the
production of free radicals increased. In addition, the cavitation
intensity was positively correlated with the maximum radius of
the cavitation bubble, so the collapse intensity of the cavitation
bubble increased with the increase of the maximum radius.
Under the influence of the above factors, the decomposition
rate of water vapor in the cavitation bubble accelerated and the
amount of *OH increased, which was consistent with the
experimental results.*®
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3.6. Effect of the Pipe Diameter Downstream of the
Orifice Plate. Under the conditions of T, = 303 K, R, = 100
um, C = 0.2 wt %, P, = 0.5 MPa, P, = 0.1 MPa, and the
constant ratio of the orifice diameter to the pipe diameter (),
the influence of the pipe diameter dp (25, 50, 75, and 100 mm)
on the *OH yield was investigated.

60
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Figure 7. Variation curve of the cavitation bubble radius ratio with
dimensionless time under different pipe diameters. (d, = 25, 50, 75,
and 100 mm; T, = 303 K; Ry = 100 um; C = 0.2 wt %; P, = 0.5 MPa;
and P, = 0.1 MPa).

Figure 7 and Table 7 show that the maximum radius ratio,
collapse pressure, and collapse temperature increased with the
increase of the diameters of the orifice plate and the
downstream pipe. Correspondingly, with the increase of the
diameters of the orifice and the pipe, the turbulence scale
became larger and the pulsation frequency of the turbulence
was reduced so that the cavitation bubble can fully grow. The
larger the maximum radius of the cavitation bubble, the
stronger the turbulence. Consequently, the collapse effect
could be better. In addition, the movement of the cavitation
bubble was affected by both radial flow and turbulent
pulsation. With the increase of d,, the radial pressure gradient
decreased, and the turbulent pulsating pressure was the main
driving force of the cavitation bubble movement. Therefore,
under the condition of constant f3, the larger the diameter of
the pipe downstream of the orifice plate, the higher the
cavitation intensity and the higher the production of *OH.*

3.7. Influence of the Ratio of the Orifice Diameter to
the Pipe Diameter (f). Under the conditions of C = 0.2 wt
%, Ty = 303 K, Ry = 100 um, P, = 0.5 MPa, P, = 0.1 MPa, and
d = 25 mm, the influence of the ratio of the orifice diameter to
the pipe diameter () (0.2, 0.24, 0.28, 0.32, 0.36) on the *OH
yield was investigated. The results are shown in Figure 8 and
Table 8.

The results show that with the increase of the ratio of the
orifice diameter to the pipe diameter (f), the turbulent
pulsation frequency decreased, but the maximum radius ratio,
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Table 7. Collapse Pressure, Collapse Temperature, Water Molecular Number, and *OH Yield in the Cavitation Bubble with

Different Pipe Diameters

hole diameter of the orifice  pipe diameter downstream of the orifice

plate/mm plate/mm
9 25
18 50
27 75
36 100

collapse collapse molecular number of hydroxyl
pressure/Pa temperature/K water (N,,) radical/mol
6.78 x 10° 1817.55 1.33 x 10'° 2.89 x 1072
1.71 x 107 2255.08 8.89 x 10%° 191 x 107!
2.35 X 107 2459.52 2.76 x 10'¢ 4.40 x 107!
2.84 X 107 2598.03 6.13 X 10'¢ 7.81 x 1071

R/IRO

t/r

Figure 8. Variation curve of the cavitation bubble radius ratio with
dimensionless time under different orifice diameter to pipe diameter
ratios. (/8 = 0.2, 0.24, 0.28, 0.32, 0.36; C = 0.2 wt %; T, = 303 K; R, =
100 pm; P, = 0.5 MPa; P, = 0.1 MPa; and d, = 25 mm).

Table 8. Collapse Pressure, Collapse Temperature, Water
Molecular Number, and *OH Yield in the Cavitation Bubble
with Different Pore Diameter to Pipe Diameter Ratios

ratio of

the orifice

diameter

to the pipe molecular

diameter collapse collapse number of hydroxyl
) pressure/Pa  temperature/K  water (N,,) radical/mol
0.20 1.76 x 10° 1346.34 122 x 10%° 917 x 1078
0.24 2.84 X 10° 1501.82 127 X 10" 1.06 x 10712
0.28 4.01 x 10° 1620.49 131 X 10" 1.59 x 1072
0.32 523 x 10° 1716.90 1.33 X 10 219 x 1072
0.36 6.78 X 10° 1817.55 1.34 X 10" 2.89 x 1072

collapse pressure, and collapse temperature of the bubbles
increased. Not only the decomposition rate of water vapor in
the cavitation bubble accelerated but also the yield of *OH
increased when the collapse strength of the cavitation bubble
and the number of water molecules in the cavitation bubble
increased. In addition, when f was greater than 0.36, choking
cavitati(;?%gigurred. This was consistent with the experimental
studies.””””

4. CONCLUSIONS

In this work, the hydrodynamic cavitation process based on
orifice plates was studied by a numerical simulation. The
influence of different factors on the yield of *OH was
investigated. The increase of the upstream inlet pressure led
to the larger flow field pressure gradient and turbulence
intensity, which made the cavitation bubble expansion and
collapse more intense, so the yield of *OH increased up to an
optimal inlet pressure. The increase in the recovery pressure
downstream of the orifice led to more adequate growth of the
cavitation bubble, greater turbulence intensity, and more
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violent collapse, so the yield of *OH increased. As the
concentration and viscosity of the chitosan solution increased,
liquid properties such as saturated vapor pressure, surface
tension, and specific heat capacity decreased and the *OH
yield was reduced. With the increase of the liquid temperature,
the viscosity of the liquid decreased and the saturated vapor
pressure of the solution increased, which led to the decrease of
the cavitation bubble collapse strength and was not conducive
to the formation of hydroxyl radicals. The increase of the initial
radius of the cavitation bubble resulted in the enhancement of
the turbulent pulsating pressure effect, the stronger cavitation
bubble collapse intensity, and the increase of the yield of *OH.
In the case of constant f, the cavitation strength and the *OH
yield increased by increasing the diameter of the pipe
downstream of the orifice. With the increase of f, the
cavitation bubble collapse strength and the yield of *OH
increased, and the effect was best when f = 0.36. Choking
cavitation occurred when f > 0.36.

This work provided a numerical simulation method for the
study of the hydroxyl radical yield in a hydrodynamic
cavitation bubble of a chitosan solution. The simulation results
provided a basis for further research on the *OH yield and
process optimization of the hydrodynamic cavitation of the
chitosan solution.
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