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Mass transfer coefficient is an important parameter in the process of mass transfer. It can reflect the
degree of enhancement of mass transfer process in liquid–solid reaction and in non-reactive systems like
dissolution and leaching, and further verify the issues by experiments in the reaction process. In the pres-
ent paper, a new computational model quantitatively solving ultrasonic enhancement on mass transfer
coefficient in liquid–solid reaction is established, and the mass transfer coefficient on silicon surface with
a transducer at frequencies of 40 kHz, 60 kHz, 80 kHz and 100 kHz has been numerically simulated. The
simulation results indicate that mass transfer coefficient increases with the increasing of ultrasound
power, and the maximum value of mass transfer coefficient is 1.467 � 10�4 m/s at 60 kHz and the min-
imum is 1.310 � 10�4 m/s at 80 kHz in the condition when ultrasound power is 50 W (the mass transfer
coefficient is 2.384 � 10�5 m/s without ultrasound). The extrinsic factors such as temperature and trans-
ducer diameter and distance between reactor and ultrasound source also influence the mass transfer
coefficient on silicon surface. Mass transfer coefficient increases with the increasing temperature, with
the decreasing distance between silicon and central position, with the decreasing of transducer diameter,
and with the decreasing of distance between reactor and ultrasound source at the same ultrasonic power
and frequency. The simulation results indicate that the computational model can quantitatively solve the
ultrasonic enhancement on mass transfer coefficient.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

During the liquid–solid reaction, the interventions of ultra-
sound can achieve the goal of process intensification by the means
of improving the chemical reaction rate effectively and increasing
the chemical yield [1–3]. As an important parameter to describe
the mass transfer, mass transfer coefficient can reflect the degree
of enhancement on mass transfer process in liquid–solid reaction
and in non-reactive systems like dissolution and leaching [4–10],
and further verify the issues by experiments in the reaction process
due to direct numerical relationship between it and chemical reac-
tion rate and conversion rate [11]. So it is an important thing to
solve mass transfer coefficient quantitatively.

The ultrasonic enhancement in chemical reaction is a result of
both stable and transient cavitation bubbles. Two competing theo-
ries exist to explain the chemical effects due to cavitation: the elec-
trical theory [12–14] and the hot-spot theory [15,16]. However, all
these theories not only focus on the qualitative analysis of ultra-
sonic enhancement on mass transfer, but also fail to give a mathe-
matical method to solve that quantitatively. So the relation
between mass transfer coefficient and parameters of ultrasonic
field is unknown according to the theories which have been men-
tioned above.

The ultrasonic field could change the distribution of liquid
velocity [17–23]. According to the mass transfer differential equa-
tion [24], the variation of liquid velocity could change the distribu-
tion of solution concentration, but the study of the change of
distribution of solution concentration with the liquid velocity un-
der ultrasound has not been reported in the literature. In the pres-
ent paper, we put forward a new computational model to solve
mass transfer coefficient quantitatively, which is including the
study of the change of distribution of the liquid velocity under
ultrasound effect, and the mathematical relationship between
mass transfer coefficient and the distribution of solution concen-
tration affected by liquid velocity. The relation between mass
transfer coefficient and parameters of ultrasound is discussed.
The effects of other factors like the different distance between sil-
icon and central position, the transducer diameter, the distance be-
tween reactor and transducer, the placement of silicon to the mass
transfer coefficient are also discussed.
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2. Computational model

2.1. Acoustic pressure field

The time harmonic wave equation (inhomogeneous Helmholtz
equation) in media can be ascribed as:

r � � 1
qc
rp

� �
� x2

qcc2
c

p ¼ 0 ð1Þ

where p represents acoustic pressure. The angular frequency x is
defined as x = 2pf, where f is the ultrasound frequency.

The absorption coefficient is expressed by the complex density
qc and sound speed cc:

qc ¼
Zck
x

; cc ¼
x
ks

The complex wave number ks and the impedance Zc are ex-
pressed as follows:

ks ¼
x
cs
� ia; Zc ¼ q0cs

where a is the absorption coefficient, cs and q0 denote sound speed
in the media and density of the media respectively.

The model has been established on the basis of the liquid–solid
reaction between monocrystalline silicon and KOH solution under
the ultrasound effect. The calculations have been performed in a
sonochemical reactor with 100 mm in height and 150 mm in width
filled with water. The sonochemical reactor was made from stain-
less steel. A transducer operated at 40 kHz, 60 kHz, 80 kHz and
100 kHz is mounted at the bottom of reactor center with diameter
of 60 mm. A reactor with 78 mm in height and 100 mm in width
filled with KOH solution whose mass fraction is 10% and a piece
of silicon wafer with 60 mm in diameter and 1 mm in thickness
was placed in the sonochemical reactor, which was made from
quartz glass with 2 mm in thickness. The ambient temperature T
is equal to 293 K. On the basis of considering the cavitation bubbles
effect, the absorption coefficient should be 5 (1/m) in pressure field
[25]. The schematic diagram of geometric structure is shown in
Fig. 1. To save the calculation time and memory, the silicon and
the quartz glass reactor were placed in form of mirror symmetry.

The impedance boundary was utilized to specify the boundary
condition of water–air, water–stainless steel, water–quartz glass,
quartz glass–air, KOH solution–air, KOH solution–quartz, and
KOH solution–silicon wafer interfaces. The impedance boundary
condition is written as:
Fig. 1. The schematic diagram of geometric structure.
n � � 1
qc
rp

� �
¼ ixp

Ze
ð2Þ

where Ze = qece is the acoustic input impedance of the external do-
main (qe and ce is the density and sound speed of the external do-
main) and n is unit normal vector against wall. The density and
sound velocity of medium is shown in Table 1.

For the transducer, the boundary was set as acoustic pressure.
Initial value of acoustic pressure in water, quartz glass, silicon
and KOH solution was set as 0. The calculations were carried out
by COMSOL Multiphysics 3.5. The calculation area consists of about
145,330 elements and in calculation the degrees of freedom is
about 371,295.

2.2. The flow field

The flow field was calculated by two equations, the momentum
transport equation [27–32]:

�r � �pI þ l ruþ ðruÞT
� �� �� �

¼ F ð3Þ

and the continuity equation:

r � u ¼ 0 ð4Þ

where I is the unit matrix, u, l and p are the liquid velocity, liquid
viscosity and pressure in liquid respectively. F represents the force
per unit volume that causes streaming. Superscript T denotes the
transpose matrix. The equation presumes constant density of the li-
quid throughout the reactor. During the calculation of flow field, the
volume force is expressed by Eq. (5) [33–35]

F ¼ 2a
q0c2

0

jpj2 ð5Þ

The no slip wall was used as the boundary condition to specify
silicon surface, quartz glass surface and transducer surface as a sta-
tionary solid wall. This boundary condition is prescribed as:

u ¼ 0 ð6Þ

According to the formula [36]:

gsol=gH2O ¼ 2
h i

c2<30%

The viscosity of KOH is equal to 2.548 � 10�3 (Pa s). The initial
liquid velocity in KOH solution was set as 0 and the thermal con-
vection effect has not been taken into account. The calculations
were carried out by COMSOL Multiphysics 3.5. The calculation area
consists of about 45,680 elements and in calculation the degrees of
freedom is about 150,693.

2.3. The species transport field

The species transport field was calculated by two equations, the
mass transfer differential equation:

@c
@t
þr � �Drcð Þ þ u � rc ¼ 0 ð7Þ

and the mass flux equation:
Table 1
The density and sound velocity of medium [26].

Medium Density (kg/m3) Sound velocity (m/s)

Water 1000 1500
Stainless steel 7800 6010
Quartz glass 2700 5760
Monocrystalline silicon 2330 7140
10% KOH solution 1054 1500
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N ¼ �Drc þ uc ð8Þ

where D, c, N are the diffusion coefficient, the molarity, chemical
reaction rate and total mass flux of constituent A respectively. u is
the velocity of liquid in reactor.

The no flux was used as the boundary condition to specify that
there is no mass flux on quartz glass surface and KOH solution–air
interface. This boundary condition is prescribed as:

�n � N ¼ 0 ð9Þ

The flux has been used to specify that there is mass flux on sil-
icon surface. This boundary condition is prescribed as:

�n � N ¼ N0 ð10Þ

N0 ¼ q ð11Þ

where N0 is the mass flux on silicon surface, q is the surface reaction
rate whose unit is mol/m2 s.

The reaction between silicon and KOH solution is a 1/4 order irre-
versible reaction [37], so we could determine that q ¼ kðcASÞ0:25,
k ¼ k0 expð�Ea=RTÞ [38,39], where cAS is the surface concentration
of KOH solution on silicon surface, k is the rate constant. In order
to confirm k0 and Ea under the sonicated conditions of frequencies
at 40 kHz, 60 kHz, 80 kHz and 100 kHz, we design a series of exper-
iments on the basis of fundamental method [36]. Firstly, we study
the relationship between etching rate and ultrasound frequency
on silicon (100) wafer. The range of temperature is 20–60 �C, the
mole concentration of KOH solution is 1882 mol/m3 (mass fraction
is 10%), the ultrasound frequencies are 40 kHz, 60 kHz, 80 kHz and
100 kHz and the ultrasound power are 10 W, 20 W, 30 W, 40 W
and 50 W respectively. The silicon wafer is covered with a passiv-
ation layer (SiO2) with periodic pattern by using standard photoli-
thographic process. The activation energy Ea and frequency factor
R0 under the sonicated conditions of frequencies at 40 kHz,
60 kHz, 80 kHz and 100 kHz are calculated by using the relationship
between etching rate and temperature R ¼ R0 expð�Ea=kTÞ
[37,38,40], and analyzing the data of etching rate measured in
experiment through using numerical method. The amount of sub-
stance of silicon consumed in unit time and unit area is equal to
dnSi ¼ ðqSi � R � dt � dsÞ=MSi, we know that the surface thickness is
about equal to the summation of thickness of several atoms, and
the etching rate of Si–KOH is about several nanometers per second,
so we get that if the time interval dt is a smaller value, the body reac-
tion can be seen as a surface reaction. Then the surface reaction rate
qSi can be written as qSi = dnSi/(dt�ds) = qSi�R/MSi. According to
reactive equation Si + 2OH�? 2H2, we can get that the amount of
substance of OH� dnOH� ¼ 2dnSi, so the surface reaction rate of
OH� q ¼ dnOH�=ðdt � dsÞ ¼ 2dnSi=ðdt � dsÞ ¼ 2qSi � R=MSi ¼ kðCAÞ0:25.
We can get the Arrhenius constant k0 under the sonicated condi-
tions of frequencies at 40 kHz, 60 kHz, 80 kHz and 100 kHz through
calculating, and the results are shown in Table 2.

The diffusion coefficient D = 2.711 � 10�9 (m2/s) [41], and the
molarity of KOH solution is equal to 1882 (mol/m3). The initial
molarity of KOH solution was set as 1882 (mol/m3). The calcula-
tions were carried out by COMSOL Multiphysics 3.5. The calcula-
tion area consists of about 32,680 elements and in calculation
the degrees of freedom is about 110,693.

Firstly, the acoustic pressure distributions by numerical simula-
tion were used to obtain the volume force using volume force
equation and the liquid velocity distribution was calculated by
using the momentum transport equation and the concentration
distribution were calculated by using the mass transfer differential
equation. Secondly, the surface molarity cAS and the concentration
gradient dc/dx perpendicular to the silicon surface were further
calculated by using the function of post-processing of COMSOL. Fi-
nally, the mass transfer coefficient kc is calculated by using Eq. (12)
[24,42], where cA is the main molarity. The computational domain
sketch showing distribution of elements can be seen in Fig. 2:

kc ¼
�D dcA

dx jx¼0

cAS � cAð Þ ð12Þ

3. Results and discussion

3.1. Effect of essential factors of ultrasonic field

The essential factors having enhancement on mass transfer coef-
ficient are frequencies and power of ultrasonic field. For the conve-
nience of discussion, a parameter named ultrasound-enhancement
coefficient is defined to characterize the degree of ultrasonic
enhancement on mass transfer, which is the ratio of mass transfer
coefficient with ultrasound divided by that without ultrasound.

Fig. 3 shows the simulation results of mass transfer coefficient
to ultrasonic field with frequency at 40 kHz and ultrasound power
at the range from 10 W to 50 W. The results indicate that mass
transfer coefficient on silicon surface in reactor with ultrasound
is higher than that without ultrasound, and mass transfer coeffi-
cient increases with the increasing ultrasound power. Similar re-
sults are also suitable for other frequencies discussed in our
paper. However, mass transfer coefficient does not increase with
the increasing frequency, the simulation results are shown in
Fig. 4. In the condition of the same ultrasound power at 50 W,
the maximum value of ultrasound-enhancement coefficient is at
60 kHz and the minimum value is at 80 kHz. The maximum value
is equal to 6.15 and the minimum value is equal to 5.49. The ultra-
sound generated flow could improve the mixing process [43,44],
which means that the process of convective mass transfer can be
enhanced meanwhile. During the process of simulation, we found
that the liquid velocity declines in order of 60 kHz, 100 kHz,
40 kHz and 80 kHz, which causes the process of convective mass
transfer by convection becoming faster at 60 kHz and slower at
80 kHz. So the enhancement effect to mass transfer coefficient is
higher at 60 kHz and lower at 80 kHz.

To the liquid–solid reaction A (fluid) + bB (solid) ? fluid and so-
lid products, the Shrinking-Core Model [11] can be described as
� 1

S
dnB
dt ¼ bkcðCA � CASÞ, where nB ¼ mB

MB
¼ qBVB

MB
, kc, CA and CAS is the

mass transfer coefficient, the main molarity and the surface molar-
ity respectively. We know that VB ¼ S � L, and nB ¼ qB �S�L

MB
, where S, qB

and MB are all constants. To the physical truth, only the surface
reaction between silicon upper surface and KOH solution exists
during the reaction process and other surfaces do not participate

in the surface reaction. We can get dnB ¼ qB �S
MB

dL and

� 1
S

dnB
dt ¼ �

qB
MB

dL
dt ¼ bkcðCA � CASÞ, further dL

dt ¼ �
bMB
qB

kcðCA � CASÞ. To

the discussion in our paper, dL
dt is the etching rate R in process of

the silicon wet etching and R ¼ � bMB
qB

kcðCA � CASÞ.
According to the reaction equation:

2OH� þ Si() SiO2ðOHÞ2�2 þ 2H2 ", we can get b = 0.5. To the sili-
con, the molar mass MB and the density qB is 28 � 10�3 (kg/mol)
and 2330 (kg/m3) respectively. Putting kc, CA and CAS calculated by
the computational model established in our paper in the equation
R ¼ � bMB

qB
kcðCA � CASÞ, we can get the numerical solutions of the

etching rate. Comparing the simulated results with the experimen-
tal results, the accuracy of numerical solutions calculated by the
computational model established in our paper can be proved
indirectly.

3.2. Effect of extrinsic factors

In Section 3.1, we discuss the enhancement effect of essential
factors to mass transfer coefficient quantitatively and deeply. In



Table 2
The activation energy and Arrhenius constant.

Frequency (kHz) Ultrasound power (W) Activation energy (Ea) (Ev) Arrhenius constant (k0) (mol0.75/(m1.25 s))

40 10 0.465 495
20 0.464 644
30 0.461 753
40 0.459 892
50 0.458 1051

60 10 0.436 253
20 0.434 308
30 0.433 409
40 0.431 407
50 0.429 399

80 10 0.472 462
20 0.470 622
30 0.469 791
40 0.466 942
50 0.464 983

100 10 0.460 404
20 0.457 478
30 0.454 553
40 0.451 639
50 0.448 677

Without ultrasound 0.595 2480

Fig. 2. The computational domain sketch showing distribution of elements.
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the practical application, extrinsic factors such as temperature, dis-
tance between silicon and central position, different placements of
silicon wafer, the transducer diameter and the distance between
reactor and ultrasound source are also influential to the ultrasonic
enhancement on mass transfer coefficient. Aiming at ultrasonic
field with frequency at 40 kHz, and ultrasound power at the range
from 10 W to 50 W, we discuss the effects of temperature, distance
between silicon and central position, different placement of silicon,
transducer diameter and distance between reactor and ultrasound
source in Section 3.2.1–3.2.5 respectively. In Section 3.2.1–3.2.5,
the transducer diameter is 60 mm.

3.2.1. Effect of the temperature
Fig. 5 shows the simulation result of mass transfer coefficient

with different temperatures. The range of temperature is 293–
353 K. As shown, the mass transfer coefficient increases with the
increasing temperature. The viscosity of KOH solution decreases
with the increasing temperature, which could cause the velocity
of solution increasing. Meanwhile, the surface reaction rate in-
creases with the increasing temperature. The increasing velocity
of solution and surface reaction rate could cause the concentration
gradient dc/dx on silicon surface increasing. When temperature is
increasing, the diffusion coefficient D is increasing. The increasing
concentration gradient and diffusion coefficient could cause the
ultrasonic enhancement on mass transfer coefficient increasing.

3.2.2. Effect of the distance between silicon and central position
Fig. 6 shows the simulation result of mass transfer coefficient

with distance between silicon and central position. The mass trans-
fer coefficient decreases with the increasing distance between sil-



Fig. 3. The comparison chart of mass transport coefficient with ultrasound of
frequency at 40 kHz and without ultrasound.

Fig. 5. The comparison chart of mass transfer coefficient to different temperature.
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icon and central position. According to the simulation results of
velocity distribution, the liquid velocity decreases with the
increasing distance and further, the enhancement on the process
of convective mass transfer becomes slower, which causes the
ultrasonic enhancement on mass transfer coefficient decreasing.
3.2.3. Effect of different placement of silicon
Fig. 7 shows the simulation result of mass transfer coefficient

with different placement of silicon. The maximum value of ultra-
sound-enhancement coefficient is 5.92 when setting silicon verti-
cally, but the maximum value of ultrasound-enhancement
coefficient is 5.53 when setting silicon horizontally. The mass
transfer coefficient when we set silicon vertically is higher than
that when setting silicon horizontally. The results indicate that set-
ting silicon horizontally is not conductive to the process of convec-
tive mass transfer and the acquisition of higher ultrasound-
enhancement coefficient. Setting silicon horizontally is not benefi-
cial to improving the liquid velocity. Therefore, the process of con-
vective mass transfer becomes slower, and the enhancement effect
to mass transfer decreasing.
Fig. 4. The comparison chart of mass transport coefficient influenced with different
frequencies.
3.2.4. Effect of transducer diameter
Fig. 8 shows the simulation result of mass transfer coefficient

with different transducer diameters. The mass transfer coefficient
decreases with the increasing transducer diameter. The liquid
velocity decreases with the increasing transducer diameters [10]
and further, the process of convective mass transfer becomes
slower, which causes the enhancement effect to mass transfer
coefficient decreasing.
3.2.5. The effect of distance between the reactor and ultrasound source
Fig. 9 shows the simulation result of mass transfer coefficient

with different distances between the reactor and ultrasound
source. The maximum ultrasound-enhancement coefficients are
5.92, 5.69, 5.40 and 5.14 respectively. Thus, the maximum ultra-
sound-enhancement coefficient has the great value against dis-
tance between the reactor and ultrasound source, and the mass
transfer coefficient decreases with the increasing of distance be-
tween the reactor and ultrasound source. The liquid velocity de-
creases with the increasing different distances between the
reactor and ultrasound source and further, the process of convec-
tive mass transfer becomes slower, which causes the enhancement
effect to mass transfer coefficient decreasing.
Fig. 6. The comparison chart of mass transfer coefficient to different distance
between silicon and the middle position.



Fig. 7. The comparison chart of mass transfer coefficient to different placement of
silicon.

Fig. 8. The trend of mass transfer coefficient to the transducer diameter.

Fig. 9. The trend of mass transfer coefficient to the distance between the reactor
and ultrasound source.
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4. Conclusion

A new computational model quantitatively solving mass trans-
fer coefficient of liquid–solid reaction under ultrasonic enhance-
ment is established, and the mass transfer coefficient has been
investigated by numerical simulation. The enhancement effect of
essential factors including frequencies and ultrasound power of
ultrasound and extrinsic factors such as different placements of sil-
icon wafer, the size of transducer and the distance between reactor
and ultrasound source have also been investigated. The results
indicate that: (a) mass transfer coefficient increases with the
increasing of ultrasound power, (b) mass transfer coefficient in-
creases with the increasing of temperature, (c) mass transfer coef-
ficient increases with the decreasing distance between silicon and
central position, and there is the maximum value of enhancement
effect at the central position of model, (d) mass transfer coefficient
when set silicon vertically is higher than that when set silicon hor-
izontally, (e) mass transfer coefficient increases with the decreas-
ing of transducer diameter, and (f) mass transfer coefficient
increases with the decreasing of distance between reactor and
ultrasound source.
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