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The objectives of this paper are to analyze the mass transfer characteristics during CO2 bubble absorption
and diffusion processes in nanofluid with Al2O3 nanoparticles. To analyze the effect of the nanoparticles
on the mass transfer enhancement, the surface tension and viscosity of the nanofluids are measured. It is
found that Al2O3 nanoparticles enhance CO2 absorption rate and increase the viscosity as high as 11% at
0.01 vol% but the surface tension keeps almost constant. The images of bubble absorption and diffusion
are captured by a high-speed camera with the shadow-graph method. It is found that the mass transfer
coefficient is enhanced up to 26% at 0.01 vol% compared with pure methanol.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The reduction of greenhouse gases such as CO2 has become the
main issue of global society according to the increasing attention to
the environmental issues. For this reason, the integrated gasifica-
tion combined cycle (IGCC) is getting much attention because of
the rich amount of coal around the world and its relative low price.
In the IGCC system, it is required to remove the acid gases such as
carbon dioxide (CO2) and hydrogen sulfide (H2S) for improving the
system efficiency [1]. There are several methods to remove CO2

such as absorption, adsorption, membrane separation, etc. [2].
Among the absorption methods, the Rectisol process, which is a
trade name for an acid gas removal process, uses methanol as a sol-
vent to separate the acid gases from the flue gas stream. Methanol
can selectively absorb the CO2 gas [3]. However, the Rectisol pro-
cess needs very low temperature as low as �40 �C to enhance
the CO2 absorption rate [4]. Therefore, in order to maintain the
low temperature, high refrigeration energy consumption is
required resulting in high cost.

Most of studies on nanofluids are focused on the thermal con-
ductivity enhancement [5–11]. However, recent studies have
shown an enhancement of CO2 absorption by using nanofluid
[12–14]. Therefore, an analysis based on the bubble flow and inter-
action with the liquid phase is necessary to observe the process of
CO2 absorption. There are many parameters associated with the
bubble behavior such as buoyancy, inertial, gravity, viscosity, and
drag forces [15], which make it very difficult to investigate the
bubble behavior and the nonlinearity accompanied by large defor-
mation of bubbles [16].

In this paper, we visualize the CO2 bubble absorption process
and the diffusion process on the surface in methanol-based nano-
fluids. Further, we propose a plausible and influential mechanism
of mass transfer enhancement through the visualization test and
estimate the enhancement of the mass transfer coefficient during
the CO2 bubble absorption process in the methanol-based
nanofluids.
2. Experiments

2.1. Experimental setup and preparation of nanofluids

Fig. 1 shows the schematic diagram of the experimental appara-
tus for the bubble absorption process. The flow rate of CO2 gas is
controlled by a mass flow controller (MFC). A transparent orifice
is used to make a single bubble at the bottom of the test section.
The temperature of the fluid in the test section is measured by a
thermocouple with a measurement error of �0:4%. The tempera-
ture of the nanofluid within the test section is kept 20 �C during
the experiment. The solvent is prepared with methanol as a base
fluid and Al2O3 nanoparticles with different concentrations. The
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Nomenclature

d diameter, m
E error, %
Eo Eotvos number
g gravity, m/s2

HSC high speed camera
k mass transfer coefficient, m/s
R radius of CO2 bubble, m
Re Reynolds number
r radius of bubble, m
S solubility of CO2 gas
T temperature, �C
t time, s
U uncertainty
V rising velocity, m/s
Xi equilibrium concentration at the gas–liquid surface

X concentration of the bulk liquid
Z height, m

Greek symbols
q density of CO2 gas, kg/m3

l viscosity of liquid, mPa s
r surface tension of the liquid, N/m

Subscripts
b bubble
g gas phase
l liquid phase
MTC mass transfer coefficient
ov overall
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nanoparticles are mixed into the methanol with an ultra-sonicator
for 60 min. The manufacturing procedure of the methanol-based
nanofluids is as follows:

(1) Methanol and nanoparticles are mixed to match the experi-
mental conditions.

(2) Nanoparticles are dispersed in the methanol by an agitator
and an ultra-sonicator for 60 min.

(3) Maintain the temperature at 20 �C and is continuously
stirred.

The test section is made of hard glass to have a good visualiza-
tion and to avoid any reaction with the methanol. The concentra-
tions of Al2O3 nanoparticles range from 0 to 0.01 vol%. The
shadow-graph method is used to visualize the CO2 bubble behav-
ior. He–Ne laser and Tungsten-Halogen lamp are used as the light
source as shown in Fig. 1. The experimental conditions are summa-
rized in Table 1.

2.2. Experimental procedure

The surface tension and viscosity of pure methanol and Al2O3

nanofluid are measured by a tensiometer and a viscometer with
the experiment errors of 0.001 N/m and 0.006 mPa s, respectively.
Two different visualization tests are carried out in this study; CO2

bubble behavior test and diffusion process test. During the
bubble behavior test, a single CO2 bubble is introduced from the
orifice at the bottom of the test section. The mass flow rate of
the CO2 gas is controlled by the MFC. The bubble behavior and
Fig. 1. Schematic diagram of the experimental app
shape are captured by a high-speed camera operated at 500
frames/s for 4 s. The pictures of the bubble movement are taken
in a shorter time frame due to the fast rising of the bubble.
However, the visualization for the surface diffusion process needs
more time. The surface absorption and diffusion processes are
captured at 60 frames/s for 30 s. Table 2 shows the operating
conditions of the high-speed camera. The test section is similar
to a Hele–Shaw Cell type. He–Ne laser is spread by a pin-hole
and reflected by a mirror. The test section is filled with pure meth-
anol or methanol/Al2O3 nanofluid, and the reflected laser passes
through the test section. By the difference of scattering degree of
the laser in the fluid and gas, the shape of the bubbles can be
visualized. During the diffusion test, CO2 gas is absorbed into
the nanofluid surface, and the diffusion process is visualized by
the shadow-graph method.
3. Results and discussion

3.1. Surface tension and viscosity measurements

Fig. 2 shows the surface tension and viscosity variations of
Al2O3 nanofluid at each concentration. The viscosity of the nanofl-
uids is measured by the tuning fork vibration method (Model
SV-10), whose rotational speed is 1800 rpm and measurement
range is 0.3–10,000 cp(mPa s). The surface tension for pure meth-
anol is estimated as 0.0228 N/m and it decreases down to
0.0226 N/m in nanofluid, only by decrease of 0.8%. Therefore, it is
concluded that the surface tension force gives a very small or no
aratus for the CO2 bubble absorption process.



Fig. 3. High-speed camera pictures of CO2 bubbles in (a) pure methanol, and
methanol/Al2O3 mixture at (b) 0.001 vol%, (c) 0.005 vol%, (d) 0.01 vol%.

Fig. 4. Bubble rising velocity at each concentration.

Fig. 2. Surface tension and viscosity at each concentration.

Table 1
Experiment conditions.

Base fluid Methanol

Nanoparticle Al2O3

Size of nanoparticle [nm] 40–50
Vapor CO2

Volume fraction of Al2O3 [vol%] 0, 0.001, 0.005, 0.01
Test section [mm] 200 � 200 � 5

200 � 200 � 1
Fluid temp [�C] 20
Ultra-sonicator Time [min] 60

Frequency [kHz] 20
Power [W] 350
Pulse [s] 2
Term [s] 1

Table 2
Experiments.

Bubble behavior test Diffusion test

Recording time [s] 4 30
Recording speed [frames/s] 500 60
Exposure [EV] 60–150
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effect on the bubble behavior. On the other hand, the viscosity of
pure methanol is estimated as 0.57 mPa s and the viscosity of the
nanofluid increases up to 0.63 mPa s for the highest concentration,
which is 11% higher than that of the pure methanol. These results
are similar to the other research of nanofluid [17–20].

3.2. Bubble shape and behavior

Fig. 3 shows the single bubble behavior in pure methanol and
methanol-based nanofluids with Al2O3 nanoparticles, taken by
the shadow graph method. The bubble size becomes smaller as
the concentration of Al2O3 increases from the point where the bub-
ble detaches. By comparing the location of the bubbles and the
number of frames, it is possible to calculate the bubble rising
velocity. Fig. 4 shows the bubble rising velocity at each concentra-
tion. It is found that the bubble is not broken out, but absorbed
from the orifice, so the initial bubble size becomes smaller with
increasing the concentration of nanoparticles, which means the
enhancement of absorption performance in nanofluids.

Figs. 5 and 6 show the bubble rising and absorption processes in
pure methanol and methanol-based nanofluids with Al2O3

nanoparticles, respectively. In Fig. 3, the CO2 absorption starts to
occur within the orifice so that the absorption enhancement by
nanoparticles can be visualized by comparing the initial bubble
diameter and the bubble rising velocity. In Figs. 5 and 6, the test
section is designed as the Hele–Show type flow to have similar ini-
tial bubble diameters for each case, and then the bubble sizes are
compared during the absorption process after the initial bubble
diameter. To analyze the effect of nanoparticles on the bubble
shape and the rising velocity, pure methanol and the highest con-
centration of methanol + Al2O3(0.01 vol%) mixture are compared.
The interval of each picture is 0.104 s and they are put together
in one picture. The thickness of the bubble shadow line is consid-
ered as the allowable error in the calculation of the size. The rising
velocity of the bubble is calculated by the number of frames of the
high speed camera.

Fig. 7 shows the results of the CO2 bubble size variation for both
cases. It is found that the bubble size in methanol decreases about
43% compared with the initial bubble, while the bubble size in



Fig. 8. The variation of CO2 bubble rising velocity at each step.

Table 3
Bubble state in methanol.

Methanol & CO2

T (s) d (mm) Dd (mm) Z (mm) DZ (mm) Vb (m/s) Kl � 104

0 4.57 – 1.68 – – –
0.112 4.07 0.50 17.24 15.55 0.13 8.17
0.224 3.56 0.51 34.51 17.27 0.15 8.36
0.336 3.19 0.37 52.92 18.40 0.16 6.05
0.448 2.88 0.30 70.88 17.95 0.16 4.94
0.560 2.59 0.29 88.61 17.73 0.15 4.84

Table 4
Bubble state in methanol + Al2O3(0.01 vol%).

Methanol + Al2O3(0.01 vol%) & CO2

T (s) d (mm) Dd (mm) Z (mm) DZ (mm) Vb (m/s) Kl � 104

0 4.65 – 1.35 – – –
0.112 3.92 0.73 20.05 18.69 0.16 11.97
0.224 3.30 0.62 37.78 17.72 0.15 10.25
0.336 2.73 0.56 57.01 19.23 0.17 9.27
0.448 2.23 0.50 74.09 17.07 0.15 8.18
0.560 1.88 0.34 90.83 16.73 0.14 5.67

Fig. 6. The variation of CO2 bubble behavior in methanol + Al2O3(0.01 vol%).

Fig. 5. The variation of CO2 bubble behavior in methanol.

Fig. 7. The variation of CO2 bubble diameter.
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methanol + Al2O3(0.01 vol%) mixture decreases about 60%
compared with the initial bubble. Fig. 8 shows the variation of
CO2 bubble rising velocity at each step. When the bubble is
detached, the bubble velocity changes at each section and it
gradually converges to the terminal velocity. Tables 3 and 4 show



Fig. 10. The variation of the mass transfer coefficient and Reynolds number.
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the results of the bubble size and rising velocity measurement
during the absorption process in methanol and methanol +
Al2O3(0.01 vol%) mixture based on Figs. 7 and 8. The bubble
diameters for pure methanol and nanofluid range 4.57–2.63 and
4.61–1.96 mm for given time period, respectively.

3.3. Mass transfer coefficient

Mass transfer coefficient during the CO2 bubble absorption pro-
cess is calculated by an empirical formula for mass transfer
between bubble and liquid [21].

dZ
dR
¼

qgVb

qlklðXi � XÞ ð1Þ

where, kl is the mass transfer coefficient, Z and R are the rising
height and the CO2 bubble radius. Xi and X are the equilibrium con-
centration of the CO2 at the gas–liquid surface and concentration of
the bulk liquid. Also, the bubble absorption process could be
expressed by following mass balance equation [22].

d
dt

4
3
pr3X

� �����
���� ¼ 4pr2kovðXi � XÞ ð2Þ

where, kov is the overall mass transfer coefficient, r is the radius of
the bubble. It is assumed that the concentration of CO2 at the bulk
liquid (X) is zero, because initially there is no CO2 in the liquid. The
concentration of CO2 at the vapor–liquid surface is estimated by the
previous research [13]. The following equation is obtained by rear-
ranging equation (1) to calculate the mass transfer coefficient.

kl ¼
dR
dZ

� � qg

ql

� �
Vb

Xi � X

� �
ð3Þ

The mass transfer coefficient at each step can be calculated
based on the results of Tables 3 and 4. Fig. 9 shows the variation
of the corresponding mass transfer coefficient. There is a reversal
point at 0.2 s that could be caused by the bubble vibration and
the wall effect by the relatively low viscosity of the pure methanol.
The mass transfer coefficients for pure methanol and nanofluid
range 8.17–4.84 and 11.97–5.67 for given time period, respec-
tively. It is found that the mass transfer coefficient enhances up
to 26% in average in the nanofluids.

3.4. Uncertainty analysis

The experimental uncertainty in the measurement of the mass
transfer coefficient could be estimated by the following Eq. (4).
Fig. 9. The variation of the mass transfer coefficient.
U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ERmax

Rmax

� �2

þ ESmax

Smax

� �2

þ ETmax

Tmax

� �2
s

ð4Þ

where U and E are experimental uncertainty and experimental
errors for each parameter; bubble diameter, solubility and
temperature. The experimental uncertainties for bubble diameter,
solubility and temperature are estimated as 8.1%, 2.2% and 0.04%,
respectively. The total experimental uncertainty in the measure-
ment of the mass transfer coefficient is estimated as 8.4%.

3.5. Dimensionless numbers

Considering the CO2 gas bubble rising process in liquid, its
behavior will depend on the physical properties of the liquid and
vapor such as density, viscosity, surface tension and so on. In this
paper, the Reynolds number, Re and the Eotvos number, Eo are
considered as the important parameters which are defined as
follows;

Re ¼ qVbdb

l
ð5Þ

Eo ¼ qd2
bg

r
ð6Þ
Fig. 11. The variation of the mass transfer coefficient and Eotvos number.



Fig. 12. Diffusion process in pure methanol, A: 0 s, B: 5 s, C: 10 s, D: 15 s, E: 20 s, F: 25 s, G: 30 s.

Fig. 13. Diffusion process in methanol + Al2O3(0.01 vol%), A: 0 s, B: 5 s, C: 10 s, D: 15 s, E: 20 s, F: 25 s, G: 30 s.
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Fig. 14. The schematic diagram of the bubble breaking effect.
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Fig. 10 shows the variation of mass transfer coefficient as a
function of Re. It is found that the mass transfer coefficient
increases with increasing Re. In the present study, Re mainly
depends on the variation of bubble diameter. We could expect that
Fig. 15. The schematic diagr

Fig. 16. The schematic diagram
the nanoparticles surrounding the bubble enhance the surface
roughness due to the hydrodynamic effect. The increment of the
surface roughness reduces the drag force by pushing it back to
the flow separation point and thus increases the contact area. It
means that the absorption rate increases by adding the nanoparti-
cles in the liquid. Fig. 11 shows the variation of mass transfer
coefficient as a function of Eo. It is found that the mass transfer
coefficient increases with increasing Eo. The Eotvos number is
basically related with the volume of the bubble. It means that
the Eotvos number represents how the mass transfer changes with
the volume variation of the bubble. It is found that the mass trans-
fer coefficient increases with increasing the bubble diameter as
shown in Tables 3 and 4.

3.6. Diffusion boundary layer

Fig. 12 shows the visualization results for the diffusion process
in pure methanol. The CO2 gas is absorbed at the liquid surface. As
can be seen in Fig. 12, CO2 gas is absorbed and diffused like a
am of the shuttle effect.

of the hydrodynamic effect.
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laminar flow motion. On the other hand, we can see the turbulent
flow motion like a mushroom in methanol + Al2O3(0.01 vol%) as
shown in Fig. 13. The time interval is set to be 5 s. It could be con-
sidered that the diffusion boundary layer is broken and decreased
by the nano particles within the liquid. It could be explained by the
hydrodynamic effect mechanism, which is explained in more detail
in the next section. When the CO2 gas is absorbed into the solution,
the nanoparticles are concentrated around the surface, and the CO2

molecules diffuse faster by the nanoparticles. The diffusion bound-
ary layer becomes thinner by the nanoparticles motion and then
CO2 is diffused faster than that in pure methanol, resulting in the
enhancement of CO2 absorption rate.

3.7. Mass transfer enhancement mechanisms

Fig. 14 shows the bubble breaking effect mechanism. During the
bubble absorption process, the nanoparticles collide against each
other and against the bubble. As the bubble rises up and the
motion become more dynamic, the nanoparticles collide at the
gas–liquid interface, and finally break the bubbles. The bubbles
become smaller and the interfacial area becomes larger, resulting
in the enhancement of mass transfer. We call this the ‘‘bubble
breaking effect’’. However, it is found that the bubbles are not bro-
ken as shown in Fig. 3. Therefore, the bubble breaking mechanism
does not seem to be plausible.

Fig. 15 shows the shuttle effect mechanism. The shuttle effect
occurs during the transport process of gas by nanoparticles in the
liquid. Nanoparticles are cycling in the liquid and the CO2 gas is
adsorbed by the particles at the gas–liquid surface. The adsorbed
gas by the nanofluid is moved from a high concentration region
to a low concentration region. The nanoparticles move back to
the original place to adsorb the CO2 gas again. The surface and
internal flow becomes more dynamic leading to the enhancement
of mass transfer. We call this phenomenon the ‘‘shuttle effect
mechanism’’ [23]. However, it is very difficult to estimate quantita-
tively the effect of the shuttle effect mechanism on the CO2 absorp-
tion performance in the present study because the concentration of
nanoparticles is very low.

Fig. 16 shows the hydrodynamic effect mechanism. In the
hydrodynamic effect, the nanoparticles surrounding the bubbles
break the diffusion boundary layer and make it thinner. Diffusion
into the liquid film increases by the presence of the particles near
the interface between the bubble and the liquid. We call this the
‘‘hydrodynamic effect mechanism’’.

4. Conclusions

In this study, we visualized the CO2 bubble behavior in absorp-
tion and diffusion processes with methanol based Al2O3 nanofluid,
and measured the mass transfer coefficient during the CO2 absorp-
tion process. The following conclusions are drawn from the present
study.

(1) The surface tension of methanol + Al2O3 nanofluid at
0.01 vol% decreases but only by 0.8%. On the other hand,
the viscosity of the nanofluid increases up to 11% compared
with the pure methanol.

(2) It is found that the mass transfer coefficient increases about
26% at 0.01 vol% in nanofluid compared with the base fluid.

(3) During the mass diffusion process in the nanofluid, turbulent
motion like mushroom shape is found, which is a strong
evidence to propose the hydrodynamic effect mechanism
in the mass transfer enhancement.
(4) It is concluded that the nanoparticles enhance the mass
transfer and that the hydrodynamic effect is a more
plausible mechanism than other effects to explain the mass
transfer enhancement in nanofluid.
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