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ABSTRACT

Mass transfer coefficient is an important parameter in the process of mass transfer to reflect the degree of
enhancement of mass transfer process in liquid-solid reaction and in non-reactive systems. In the present
paper, a new computational model including both acoustic streaming and ultrasonic thermal effect is
established to quantitatively calculate the ultrasonic enhancement on mass transfer coefficient in liquid-
solid reaction. A nonlinear Helmholtz equation containing the cavitation effect is used in the model to
calculate the acoustic pressure distribution in the reactor, and a fluid-thermal coupling CFD involving
mass transfer process for KOH solution is conducted to obtain the distribution and time-dependence of
the mass transfer coefficient in silicon-KOH reaction. Mass transfer coefficient on silicon surface with a
transducer at frequencies of 100 kHz has been numerically simulated, indicating that the mass transfer
coefficient has the maximum value near the center of the silicon wafer, and increases with reaction time.
The mass transfer coefficient in the center of the silicon wafer is increased by 14.3% from 6.043 x 10>
m/s to 6.908 x 10~ m/s under ultrasound power of 50W during reaction time from 0.1 hour to 1 hour
(the mass transfer coefficient without ultrasound changes from 2.525 x 10~® m/s to 7.615 x 107 m/s).
A set of control simulations shows that the enhancement of mass transfer coefficient comparing to the
situation without ultrasound is mainly resulted from the acoustic streaming, while the increasing of mass
transfer coefficient with time is due to the thermal effect of ultrasound. The mass transfer coefficients
under transducer power of 10W and 30W are also calculated, indicating that the mass transfer coefficient
is positively correlated with the ultrasonic power.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The enhancement of mass transfer by ultrasonic is mainly a re-
sult of cavitation effect. The instantaneous high temperature and

The intervention of ultrasound has been widely applied in
liquid-solid reactions to improve the reaction rate and enhance the
mass transfer process [1-4]. As an important parameter to describe
mass transfer, mass transfer coefficient can quantitatively reflect
the degree of enhancement on mass transfer process in liquid-solid
reaction and in non-reactive systems [5-10], which is important
for the selection of ultrasonic parameters and the structural opti-
mization of the ultrasonic reactor. Thus, it is an important thing
to study the effect of ultrasound on the mass transfer coefficient
quantitatively.
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high pressure caused by cavitation bubble collapse will acceler-
ate the reaction rate. Meanwhile, the strong attenuation caused by
cavitation will produce significant acoustic streaming [11-14] and
thermal effect [15-17]. However, conventional cavitation theory
such as electrical theory [18-20] and hot spot theory [21,22]
mainly focus on the study of a single cavitation bubble, making it
difficult to quantitatively describe the effect of cavitation on the
whole mass transfer process. In recent years, O. Louisnard [23-
26| proposed a sound field propagation theory considering cavita-
tion effect by associating the bubble dynamic equation with the
sound attenuation coefficient in the Helmholtz equation, which
was further improved by R. Jamshidi [27] and F. ]. Trujillo [28,29]
et al. This theory makes it possible to construct multi-physical field
simulation containing cavitation effect.
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The acoustic streaming and thermal effect caused by ultrasound
have great influence on the mass transfer process. Acoustic stream-
ing in the reactor will enhance the heat transfer process, change
the concentration distribution of solution, and facilitate the pro-
cess of mass exchange. Meanwhile, the ultrasonic thermal effect
will increase the temperature of the solution, thus affecting the
thermophysical properties of the solution and the reaction rate,
which will further enhance the acoustic streaming and the mass
transfer process. Therefore, the acoustic streaming and the thermal
effect caused by ultrasound are mutually coupled, and both affect
the mass transfer process.

However, theoretical studies on the effect of ultrasound on
mass transfer are rare due to the complexity of the physical mech-
anism. Jiao et al. [30] put forward a computational model to quan-
titatively calculate the mass transfer coefficient of KOH-silicon sur-
face through numerical simulation. Nevertheless, the above model
did not consider the thermal effect and heat transfer process
caused by ultrasound, and an empirical constant 5 m~! was used
as the sound attenuation coefficient, which reduced the accuracy
of the theoretical model. Moreover, the fluid-thermal coupling CFD
simulation for KOH electrolyte solution has not been reported in
existing literature.

In the present paper, a new multi-physical field model is de-
veloped to quantitatively describe the enhancement of mass trans-
fer by ultrasound, which includes both acoustic streaming and the
thermal effect. The interaction of the flow field, the temperature
field and the mass transport field in KOH solution is considered in
the theoretical model. The numerical simulation is carried out in
two parts: i) A nonlinear Helmholtz equation containing the cavi-
tation effect is used to calculate the acoustic pressure distribution
in the reactor, which further gives the distribution of volume force
and heat source; ii) Fluid-thermal coupling CFD involving mass
transfer process is conducted to obtain the transient behavior of
major physical quantities in the model. The time-dependence of
mass transfer coefficient and its relationship with acoustic stream-
ing and thermal effect are emphatically analyzed. The effect of ul-
trasonic power on mass transfer coefficient is also discussed in our
manuscript.

2. Computational model
2.1. Acoustic pressure field

Considering the energy loss of ultrasound caused by cavitation
effect, the acoustic field in the reactor can be ascribed as a nonlin-
ear inhomogeneous Helmholtz equation [24]:

V2P - k2P =0 (1)

in which P represents the acoustic pressure. The complex acoustic
wave vector k. is related to the sound attenuation coefficient «:

k. =k, — it (2)
)
C = ,TC (3)

The angular frequency w is defined by the ultrasound fre-
quency f as w=2m f, while c. represent the speed of sound in the
media.

Due to the direct dependence of volume force and heat source
on the sound attenuation coefficient «, it is necessary to select
a reasonable value of the attenuation coefficient. According to O.
Louisnard’s theory [23-26], the attenuation coefficient is related
to the amplitude of the sound pressure, and mutates near the
Blake threshold. The method of R. Jamshidi [27] is used in this pa-
per to calculate the attenuation coefficient «, in which the Keller-
Miksis Equation is applied on the radical dynamics of cavitation
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bubbles [31,32]:

R\,5 35 R
p<(1 —C>RR+2R (1 _3>)

R Rd 20 4uR
—<”c+cat>("gRRP) X

R and pg respectively represent the initial radius of a single bub-
ble and the pressure inside the bubble. p represents the external
pressure, which can be expressed as p = Py - Psin(wt), where Py is
the environmental pressure. Considering the effect of heat transfer
at the boundary layer, the pressure inside the bubble satisfies the
ODE as below:

. -3R d
By = ey <,§R> F- 1)<I<3Rdf> (5)

where k represents the conductivity of the gas, T represents the
temperature inside the cavitation bubble. The temperature gradient
dT/dr at the bubble surface can be approximated as:

dT T-T,

_——= 6
dr 8 6)
in which § is the thermal boundary thickness:

s | Re (7)
3(y = 1R

k represents the thermal diffusivity of the gas. The temperature in
the cavitation bubble follows the first law of thermodynamics:

GT=Q- PV (8)

The constant volume heat capacity C, = 5/2nkp, n represents
the number of gas molecules in the bubble. More detailed process
can be referred to Ref. [33].The energy loss of sound field caused
by a single cavitation bubble can be expressed as:

1 (T R\ Rdpg\oVv
My=r _<pg<l+c>+cdt a ©)
) -
-1/ 1671/L(RR2+RRR>dt (10)
T Jo ¢
T
= 30 [ RR(Rp+ 5R— 3 p — pRRR)dt an
Tc 0 2

The T here refers to the period of the sound wave. The above
three items represent the acoustic field energy loss caused by heat
conduction, viscosity and acoustic radiation force, respectively. The
square of the wave number satisfies the following relation:

N My + T, + T

3(k2) = 4pr% (12)
. Iz CU2 47TR0(,()2N 13
(k) = c7+7a)g—a)2 (13)

in which N represents the bubble density of the liquid, w, repre-
sents the resonant frequency of the bubble, which can be calcu-
lated by following equations:

_
3y
b = 15
1-3(y = Dix[(i/x)"? coth (i/x)"* = 1] 1>
2_ Po [gopy_ 20 1
“0 =Rz (1 -5 7] (16)
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Fig. 1. The schematic diagram of reactor geometric structure.

According to Eq (12) and Eq (13), the wavenumber k; can now
be expressed as the form of Eq (2), which is composed of the real
part of the wave number and the attenuation coefficient:

ke = ky — it (17)

The ultrasound frequency used in the simulation is 100 kHz.
The initial radius of the cavitation bubble is set at 5 um and the
bubble density N is set to a constant of 5*10%/m3 for the calcu-
lation of the attenuation coefficient, which has been verified by
Louisnard [24,25] and Trujillo [27] that this setting conformed well
to the experimental results. Since the energy loss caused by lig-
uid viscosity is not the main part of attenuation, the difference
of attenuation coaefficient between KOH solution and water is ig-
nored in the calculation. Bubble dynamic equations from Eq (4) to
Eq (8) are solved by using variable order numerical differential
algorithm (ODE15S) in MATLAB. It is worth mentioning that the
Jamshidi’s model used above contains some approximations, in-
cluding the representation of thermal boundary conditions and the
omissions of water evaporation and condensation processes. Some
more sophisticated theories, such as the thermal boundary layer
model described by Preston [34] and Zhang [35], and the bub-
ble dynamics model including phase transitions used by Caflisch
[36] and Bergamasco [37], can be further applied to the solution
of bubble dynamics and the calculation of sound attenuation coef-
ficient for further improvement of the model.

The sound field was calculated in a reactor model with a width
of 150mm and a height of 100mm, and the symmetric condition
is applied to the model, as shown in Fig. 1. The model is divided
into two fluid regions by a quartz glass container with 2mm in
thickness: the inner layer is KOH solution with a concentration
of 10wt%, while the outer layer is water. A piece of silicon wafer
with 30 mm in radius and 1 mm in thickness was placed in the
center of the container. An ultrasound transducer with a radius of
30mm was placed at the bottom of the reactor, which was set as
the acoustic pressure boundary. Since the outer wall of the reac-
tor is made of steel, the outer boundary was set as the bound-
ary of hard sound field to simplify the calculation. The quartz-
air and the liquid-air interface at the top of the reactor, as well
as the liquid-quartz interface inside the reactor were subject to
impedance boundary conditions. The density and sound velocity of
medium is shown in Table 1 [38].
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Table 1
The density and sound velocity of medium [34].

Medium Density (kg/m?) Sound velocity (m/s)
Water 1000 1500
Quartz glass 2700 5760
Monocrystalline silicon 2330 7140
KOH solution (10%) 1054 1500

2.2. The flow field

The flow field can be calculated by the momentum transport
equation:

p(ngJrﬁ-Vﬁ):—VerquﬁJrﬁ (18)

where v represents the velocity of fluid motion, p is the sound
pressure, and F represents the volume force. The acoustic stream-
ing in the container can be described by the time averaged ver-
sion of the Navier-Stokes equation, which contains the inertia term
modified by Lighthill [39]:

p(-V)=-Vp+uV*+F (19)

in which F represents the volume force that causes the acoustic
streaming:

(F) = —po((Fac - V)ac + TacV - Tac)

v, represents the oscillating velocity of the medium. A plane
wave approximation is used since the acoustic wavelength is much
smaller than the scale of the reactor, and the volume force is ex-
pressed by Eq. 20 [13,40]:

F— @ (20)

where I stands for sound intensity. The no slip wall is used as the
boundary condition of the flow field area, except the interface be-
tween fluid and air. Considering the temperature rise effect caused
by ultrasound, the viscosity of 10wt% KOH solution can be calcu-
lated by an empirical formula obtained by Guo et al. [41,42], in
which T, represents the value of temperature in terms of Celsius
degree:

fkon = 1072 exp (0.43 — 0.0251T, + 107*T2 + 0.246)Pa s (21)

According to Lighthill’s theory [39], the acoustic streaming
caused by ultrasound is mostly a turbulent jet dominated by iner-
tia. Therefore, the k-w turbulence model was first used to calculate
the two fluid regions in the reactor. The result showed that the
flow field in the outer water region had obvious turbulence char-
acteristics, and the maximum turbulence kinetic energy was in the
magnitude of 10~4m?/s2. Nevertheless, the turbulence variable of
internal KOH solution is almost zero and can be ignored. This re-
sult can be explained by the reflection of sound waves by the sil-
icon dioxide layer in the reactor and the significant difference in
the sound attenuation coefficient between the inner and outer re-
gions. Therefore, we finally use the laminar flow model and the
k-w turbulence model to calculate the internal and external flow
field, respectively.

2.3. The temperature field

The temperature change in the reactor can be expressed by the
energy conservation equation:

aT aT aT 0°T  0°T
pcp<al_+vxax+vyay) :]Ceff(W+87}12)+Q (22)

where p,Cp are the density and the constant pressure heat capacity
of material, ke represents the effective heat transfer coefficient,
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Vx,Vy are the velocity components of the fluid field. The heat source
Q is provided by the dissipation of the sound field in the fluid,
which can be expressed as [43,44]:

Q =2al (23)

Eq (23) contains a plane wave approximation to simplify the
calculation process. According to the calorimetric method for mea-
surement of acoustic power [45], the dissipated energy for heat
generation could be equal to the energy emitted by the source if
the acoustic energy is absorbed close to the source. However, this
assumption is not suitable for our model, for the attenuation coef-
ficient decreases rapidly with the reducing of sound pressure, re-
sulting in the difference between the dissipated energy and the to-
tal acoustic energy. The heat capacity C, of KOH solution is derived
from Ref. [42].

For solid materials in the reactor, the convection term and the
heat source term are zero, and the energy equation is:

pcp%—: = ko V2T (24)

The interface between the internal solid and fluid is coupled by
the continuity condition of heat flux and temperature. The external
boundary conditions of the model are described as the convective
heat transfer process between the reactor wall and the external air,
as well as between the fluid surface and the external air. The exter-
nal environmental temperature Tex is 20°C. The heat transfer pro-
cess follows Newton’s cooling law by setting the convective heat
transfer coefficient h:

~f- (_kOVT) = h(Tex[ - T) (25)
In the outer turbulent field of the reactor, The enhanced effect

of turbulence on heat exchange is described by the effective heat
transfer coefficient kg [17]:

Cplue

Pr (26)
in which ky=0.6W/m?K is the original heat transfer coefficient of
water, (¢ represents the turbulent dynamic viscosity of the exter-
nal flow field, and Pr is the Prandtl number of water. Distribution
of the effective heat transfer coefficients is updated with iterations
according to the transient results of the turbulence model. The
heat transfer coefficient of 10wt% KOH solution could be expressed
as [42]:

keff =ko+

kkon = 5.545- 1071 +2.460 - 1073T, — 1.169 - 10°T2W . m~ 1K~
(27)

2.4. The mass transport field

Mass transfer in KOH solution is calculated by the mass transfer
differential equation:

%w.(_uvom-w:o (28)

where ¢, D and u respectively represent the solution concentra-
tion, the mutual diffusion coefficient and the velocity distribu-
tion. Considering the influence of temperature rise effect on so-
lute diffusion, the mean spherical approximation (MSA) method
[46] and the Nernst-Einstein equation [47] are used to calculate
the change of mutual diffusion coefficient D of 10wt% KOH solution
with Kelvin temperature T. The result is fitted as a linear function
and substituted into the mass transfer equation for calculation:

D =10""°(0.096 - T — 1.980)m?s~! (29)

For the reaction interface between silicon and KOH solution, the
boundary conditions are as follows:

—-Ne = q (30)
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where N; is the mass flux on silicon surface, q is the surface reac-
tion rate whose unit is mol/m? s. For KOH solution with the con-
centration of 10wt%, The reaction between silicon and KOH solu-
tion can be seen as a 1/4 order irreversible reaction, and the reac-
tion rate satisfies the Arrhenius equation [48]:

q = ko exp(—Eq/RT)c32° (31)

in which E, represents the apparent activation energy, cas is sur-
face concentration of KOH solution, kg is the rate constant with
unit of mol®7>/(m'2%s), and R is the molar gas constant. The ap-
parent activation energy and the rate constant under ultrasound of
100 kHz have been measured in our previous work by Jiao et al
[49].

According to Eq (31), the boundary flux in the simulation is a
function of the surface temperature T and the surface concentra-
tion c4g, where the temperature T is provided by the temperature
field, and the surface concentration is substituted into the calcula-
tion as an unknown quantity to be solved. The initial concentration
of KOH solution used in the simulation was 1882mol/m3. The mass
transfer coefficient of the reaction interface is calculated by using
Eq (32) [50], where c4 is the main molarity of KOH solution, N
represents the mass flux at the boundary.

(32)

The above numerical model is constructed by the Finite Ele-
ment Method in COMSOL Multiphysics™. The steady distribution
of sound field in the reactor is firstly calculated to obtain the dis-
tribution of volume force and heat source. Then, the fluid field,
temperature field and mass transfer field are calculated by cou-
pling transient iteration. The mass transfer coefficient k. of silicon-
KOH reaction interface is eventually calculated according to the re-
sults of mass transfer field.

3. Results and discussion
3.1. Acoustic pressure distribution

Fig. 2 shows the dissipated energy and the wave number calcu-
lated under different sound pressures according to the above the-
ory in Section 2.1, where the imaginary part of the wave number
represents the value of sound attenuation coefficient. The parame-
ters used in the calculation are shown in Table 1, where the bub-
ble density is set as 5*10°/m3, as we discussed in Section 2.1. The
obtained results have the same characteristics as the results of R.
Jamshidi [27], showing that the heat transfer term and radiation
term are much higher than the viscosity term under high sound
pressure, and the radiation term is negative when the sound pres-
sure is low.

Table 2

As shown in Fig. 2 (b), within the sound pressure range of 15-
250 kPa, the sound attenuation coefficient ranges from 0.04-705
Np/m. As described by Louisnard [24] and Trujillo [29], when the
imaginary part of the wave number is larger than the real part, the
change of the real part of the wave number can be ignored and de-
scribed linearly due to the dominant role of the sound attenuation
coefficient. Fig. 3 shows the simulation result of acoustic pressure

Table 2

Physical properties set for the KM equation and wave number calculation.
Ro (um)  f(kHz) k(WmK)  « (m?fs) 2 u(Pas)
5.0 100 2.60 e-2 219 e-5 14 1.0 e-3
Po (Pa) G (J/K) o (N/m) p (kg/m®)  c(m/s) N (1/m?)
1.013 e5 5.86 e-13 7.5 e-2 1000 1500 5.0 e9
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Fig. 2. (a) Acoustic power dissipated by a 5 um air bubble at 100 kHz versus the normalized acoustic pressure amplitude. (b) Real part (red dash line) and imaginary part
(blue solid line) of the wave number k. The vertical dash line represents the Blake threshold.
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Fig. 3. Simulation of pressure field distribution with input power of 50 W.

distribution in the reactor with input power of 50 W. The ordinate
and abscissa in the figure represent the space position in reactor.
Due to the positive correlation between sound attenuation coeffi-
cient and sound pressure, the high ultrasonic pressure can only be
observed near the transducer surface, and attenuates rapidly in a
short distance from the transducer. The pressure field was mainly
concentrated in the transducer area (|x|<30mm) due to the high
directivity of the ultrasound at 100 kHz.

3.2. Liquid velocity and temperature distribution

As described in the last part of Section 2, a fluid-thermal cou-
pling CFD was used to calculate the transient distributions of the
velocity and temperature fields. Fig. 4 shows the velocity distri-
bution and temperature distribution in the reactor after one hour
of ultrasonic treatment. The flow field was divided into two re-
gions by the quartz container: due to the high sound pressure
and sound attenuation coefficient, the area near the transducer has
larger volume force, resulting in the obvious turbulence charac-
teristics of the external flow field, and the maximum velocity is
13.5cm/s. Meanwhile, as the volume force of the internal solution
is much smaller than that of the external flow field, the internal
flow field is laminar, with a maximum velocity of 2.75cm/s. The k-
w turbulence model and laminar flow model for the internal flow
have given the same result with no turbulence. Compared to sim-

(a) Fluid Velocity [cm/s]
it Max: 13.46
12
10
8
6
4
2
0
Min: 0
-75 0 75
X [mm]
emperature
(b) Temy (K]
100 Max: 317.4
316
314
- 312
E|
f 310
308
306
B 304
Min: 302.5
-75 0 73
X [mm]

Fig. 4. (a) Velocity and (b) temperature distributions after one hour of ultrasonic
treatment.

ulations of Xu [13] and Jiao [30] with constant sound attenuation
coefficients, the effect of sound pressure on the volume force is
nonlinear and more significant, due to the positive correlation be-
tween the attenuation coefficient and sound pressure.

The temperature distribution of the reactor after one hour of
ultrasonic treatment is shown in Fig. 4(b), and the maximum tem-
perature of the reactor is 317.4K at t=1h. The power density at
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Fig. 5. (a) Temperature (green line) and the velocity (blue line) of the coordinate
(0, 50) from 0.1h to 1h. (b) Theoretical and measured values of the average temper-
ature rise of the reactor under ultrasound power of 50W.

each position for heat generation is proportional to the attenuation
coefficient and the sound intensity, with an average power density
of 19.6kW/m?3, which accounts for 67% of the total power of 50W.
It can be clearly seen that the heat source derived from the acous-
tic energy loss is mainly concentrated near the transducer, which
has the same characteristics as the volume force, and the convec-
tive heat transfer caused by acoustic streaming contributes greatly
to the temperature distribution in the reactor. The enhancement of
heat transfer by turbulence is taken into account by using the ef-
fective heat transfer coefficient ke, and the maximum value of ke
in the outer region is 8.24W/(meK) at t=1h, which is more than
one order of magnitude higher than the original heat transfer co-
efficient of water.

3.2.2. Time dependence of velocity and temperature

Due to the combined effect of ultrasonic heat effect and acous-
tic streaming, the velocity and temperature distribution in the re-
actor is a transient rather than a steady state process. Fig. 5 (a)
shows the changes of temperature and flow velocity at coordinates
(0, 50) in the reactor with the ultrasonic processing time. As the
temperature rises gradually under ultrasound, the viscosity of KOH
solution decreases, leading to the gradual increase of the flow ve-
locity, which further promotes the heat and mass transfer process.
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From 0.1h to 1h, the velocity of the coordinate (0, 50) rises 8.11%
from 2.22cm/s to 2.40cm/s, while the highest velocity of the KOH
solution increases by 11.0% from 2.49cm/s to 2.75cm/s. Thus, the
comprehensive consideration of both thermal effect and acoustic
stream effect of ultrasound is necessary for the simulation of mass
transfer process.

We measured the values of average temperature rise in the re-
actor to briefly verify the rationality of the theoretical model, as
shown in Fig. 5 (b). The experimental results are in good agree-
ment with the theoretical values, with an error of 11.4% at t=1h,
which might result from the structural difference between the
model and the actual reactor. It also indicates the assumption that
the power of heat generation is equal to the total acoustic power
is not suitable for our model, as described in Section 2.3.

3.3. Mass transfer process

The mass transfer process is influenced by both the velocity
field and the temperature field: the flow of the solution will pro-
mote the solute transfer and increase the concentration of the so-
lution at the reaction interface, while the increase of temperature
will significantly increase the rate of liquid-solid reaction, and lead
to the increase of diffusion coefficient, promoting the mass trans-
fer process. To describe the mass transfer process, we use several
parameters including surface concentration cyg, reaction rate g, and
especially mass transfer coefficient k.. Fig. 6 (a) shows the time de-
pendence of the surface concentration css on the lower surface of
the silicon wafer from 0 to 1 hour. Due to the symmetry of the
geometry, only the right side of the wafer is shown in the fig-
ure, and the zero of the X-axis represents the center of the sili-
con wafer. During the reaction, the surface concentration of silicon
wafers continued to decline, mainly due to two reasons: the de-
crease of the total amount of solute in the reactor, and the rapid
increase of reaction rate caused by temperature rise, as shown in
Fig. 6 (b). In terms of space, the surface concentration distribution
has a maximum value near the center of the silicon wafer, which is
resulted from the distribution of fluid velocity and the convective
mass transfer process. The uneven distribution of surface concen-
tration plays a decisive role in the spatial characteristics of mass
transfer coefficient, as shown in Fig. 7.

In order to ensure the accuracy of mass transfer coefficient cal-
culation, the reasonable selection of the main concentration c4 is
necessary. In this paper, we chose the concentration at coordinate
(0, 45) with the highest flow velocity as the main concentration
of c4, where the mass exchange was the most sufficient and the
concentration was uniform. Fig. 7 shows the simulation results of
mass transfer coefficient under ultrasound with frequency at 100
kHz and ultrasound power of 50 W, from 0.1 h to 1.0 h. In terms of
spatial distribution, the mass transfer coefficient k. shows the sim-
ilar characteristics of the surface concentration, which is caused by
the inverse relation between the mass transfer coefficient and the
concentration difference between c45 and cy4, as shown in Eq (32).
In terms of time, the mass transfer coefficient k. shows a trend of
continuous increase. k. in the center of the silicon wafer have in-
creased by 14.3% after 1 hour of ultrasound treatment compared
with k¢ at 0.1 hour, from 6.043e-5 m/s to 6.908e-5 m/s. This trend
is due to the temperature rise effect caused by ultrasound, which
will be discussed in detail in the next section.

3.3.1. Influence of acoustic streaming and thermal effect

A set of control simulations were carried out in order to further
discuss the influence of ultrasonic acoustic streaming and ther-
mal effect on mass transfer coefficient. Fig. 8 shows the changes
of mass transfer coefficients with reaction time under three simu-
lated conditions: considering both acoustic streaming and thermal
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Fig. 6. (a) Surface concentration of the silicon wafer (Right side) from 0-1.0 h. The
initial value of the concentration is 1882 mol/m3. (b) The surface reaction rate of
hydroxide ions from 0-1.0 h.

effect, considering acoustic streaming only, and no external ultra-
sound, respectively.

The mass transfer coefficients of different simulations show dis-
tinct characteristics: In the simulation without ultrasound, solute
transfer can only be carried out through diffusion, and the trans-
mission rate is lower than the consumption rate of the reaction
interface, which leads to the increasing gap between the surface
concentration and the main concentration and the continuous de-
crease of the mass transfer coefficient k, from 4.616e-6 m/s to
7.615e-7 m/s. When only acoustic streaming effect is considered,
the mass transfer coefficient kqs has been greatly enhanced com-
pared to kg and remains constant in the one-hour transient simu-
lation, for the difference between c45 and c4 decreases significantly
under the acoustic streaming and remains stable during the re-
action. And yet in the results obtained by the fluid-thermal cou-
pling model, the mass transfer coefficient shows an obvious trend
of increasing with time. Thus, it can be seen clearly from the com-
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parison that the increase of mass transfer coefficient with time is
due to the thermal effect of ultrasound. It's also worth noting that
although the reaction rate at the interface increases by 2.4 times
within an hour as shown in Fig. 6.b, the increase in mass trans-
fer coefficient is not equally significant. Our further control simu-
lations shows that the increase of diffusion coefficient and the de-
crease of solution viscosity are the main reasons for the increase of
mass transfer coefficient, while the effect of reaction rate on mass
transfer coefficient is not significant.

3.3.2. Effect of ultrasonic power

The mass transfer coefficients under different power of the ul-
trasound transducer is calculated and shown in Fig. 9. It is clear
that the mass transfer coefficient is positively correlated with the
ultrasound power, and the increase of the mass transfer coefficient
with time is more significant under stronger ultrasound. Accord-
ing to the simulation results, as the ultrasound power increases,
the flow rate of the solution increases and the temperature rises
faster, thus leading to an enhancement of the mass transfer coeffi-
cient, which is exactly consistent with our previous discussion.

4. Conclusions

A novel computation model containing both acoustic streaming
and ultrasonic thermal effect is established in this paper to quan-
titatively predict the mass transfer coefficient of liquid-solid reac-
tion under ultrasound. Acoustic field calculation considering cavi-
tation effect is applied to the computation model, and further car-
rying out the fluid-thermal coupling CFD simulation. The calcula-
tion results indicate that mass transfer coefficient under ultrasound
is related to both time and space, which increases with the reac-
tion time and has a maximum value near the center of the silicon
wafer. When the ultrasonic power is 50W, the mass transfer coeffi-
cient is increased by more than one order of magnitude compared
with the case without ultrasound. Mass transfer coefficient with
ultrasound power of 10W and 30W is also calculated, which clearly
shows that the mass transfer coefficient has a positive correlation
with the ultrasonic power.

The effects of acoustic streaming and ultrasonic thermal effect
on the mass transfer coefficient are separately studied by control
simulation. It indicates that the enhancement of mass transfer co-
efficient by ultrasound is mainly attributed to acoustic streaming,
while the thermal effect leads to the increase of the mass trans-
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fer coefficient with time by decreasing the viscosity and increasing
the diffusion coefficient.

For further research, the effect of ultrasound frequency and the
structure design of ultrasonic reactors can also be carried out by
using the computation model in our paper. A more accurate model
can further be established by using rigorous theory to replace sev-
eral approximations in this manuscript.
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