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ARTICLE INFO ABSTRACT

Keywords: The scalar transfer rate from a bubble to a quiescent fluid with Carreau rheological behavior is studied here
Bubble rising with Bond and Galilei number values respectively equal to 30 and 2 and a non-dimensional inelastic time
Newtonian fluid constant (4) equal to 6. Under these conditions the bubble dynamics regime stays within the steady and
Shear thinning fluid oscillatory areas. Navier Stokes equations are solved numerically in a non-stationary three dimensional domain
Shear thickening fluid

and are coupled to the mass transfer equation of a scalar. The effect of the Peclet number (Pe) and flow index
(n) of the quiescent fluid on the Sherwood number is explored within the following range: 10 < Pe < 1000, and
0.3 < n < 1.7. We observed that the shear thinning rheology destabilizes the bubble flow dynamics from steady
towards an oscillatory regime and increases transfer rates between the bubble and surrounding fluids. This
trend became even more prominent as Pe increased. Our results are condensed into an empirical predictive
correlation that outperforms previous similar correlations and can be used to estimate the heat and mass
transfer rate at the bubble interface in a Carreau liquid in a transition regime at a specific Galilei and Bond

Mass transfer

numbers.

1. Introduction

The transfer rate between a bubble and the surrounding fluid is rele-
vant to many applications in the chemical, biochemical and processing
industries, as well as in physiological bio-fluids, the pharmaceutical
industry, wastewater treatments, bioreactors, and lubrication systems
(Chhabra and Richardson, 1999, 2008; Yang et al., 2007; Tavlarides
et al.,, 1970; Chhabra, 2007). Although carrier fluids are often de-
scribed as Newtonian, most of the aforementioned applications deal
with non-Newtonian fluids that exhibit shear thinning or shear thick-
ening behaviors (Pont et al., 2012; Benchabane and Karim, 2008; Ding
et al.,, 2011). When there are temperature or concentration differences
between the carrier and dispersed phases, the scalar transfers across
the gas-liquid interface. This is a very common phenomenon in a vast
number of chemical engineering processes of extraction and distillation
as well as in biochemical reactions, including oxidation, cell culture,
wastewater treatment and fermentation. Therefore, a thorough knowl-
edge of the transfer rate at the bubble interface in non-Newtonian fluids
is of paramount importance (Bao et al., 2020).

Baird and Davidson (1962) experimentally measured the absorption
rate of carbon dioxide from single rising bubbles into water. Bischof
et al. (1991) developed a novel technique for determining the mass
transfer rate in individual air bubbles rising in water. Ponoth and
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McLaughlin (2000) numerically simulated axisymmetric rising bubbles
in aqueous solutions of surfactants and derived correlations for the
Sherwood number, the bubble size and Reynolds number. Feng and
Michaelides (2001) studied the mass transfer processes in axisymmetric
viscous droplets in Newtonian fluid using a finite-difference scheme.
These authors reported the results on the dependence of the Sherwood
number on the Peclet number (ranging from 1 to 10%) and the Reynolds
number (ranging from 1 to 5 x 10%). Saboni et al. (2007) numerically
investigated the effects of the viscosity ratio on the mass transfer of
an axisymmetric bubble rising in water. They derived a correlation
between the surface-average Sherwood number and the Reynolds and
Peclet numbers over the 1-400 and 0-10° ranges respectively. Huang
and Saito (2017) experimentally studied carbon dioxide dissolution in
zig-zagging single bubbles in aqueous media and discussed the impact
of water contamination on the mass transfer rate.

Although many multiphase flow applications of interest with inter-
facial transport involve liquid carrier phases exhibiting non-Newtonian
behavior, such as polypropylene solutions (Marcovich et al., 2004;
Wang et al., 2020), little information is available on the impact of
complex rheologies on the dispersed phase dynamics and scalar transfer
rate. Exceptions include the work of Barnett et al. (1966) who exper-
imentally studied the carbon dioxide transfer in aqueous (Newtonian)
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Fig. 1. Top and side views of the computational domain (not to scale) showing the flow configuration with an initially spherical bubble of fluid B and non-dimensional diameter

d=1placed at y=h=15ina L, = L, = L, = 120 cubical box filled with fluid A.
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Fig. 2. Ga— Bo phase plot of an air bubble rising in water.
Source: This figure is taken from Tripathi et al. (2015).
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Fig. 3. Non-dimensional density flux and local Reynolds number versus time for

different mesh levels, n = 0.3 and Pe = 1000.
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Fig. 5. Ga— Bo phase plot history for different flow indexes.

environments and carboxymethyl cellulose (CMC) solutions (shear thin-
ning), demonstrating that the rheology can affect both the drag and
mass transfer coefficients. Using perturbation methods, Bhavaraju et al.
(1978) researched the dependence of the Sherwood number in single
bubble systems under creeping flow regime using power law ambient
fluids and derived correlations for the mass transfer coefficient.
Assuming a spherical bubble and steady and fully developed con-
ditions, Kishore et al. (2007) numerically studied the effects of the
Reynolds and Peclet numbers as well as the flow index on the mass
transfer in power-law fluids. The results allowed them to predict the
effects of these parameters on the surface-average Sherwood number
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Fig. 6. Bubble trajectory for different flow indexes; top: 2D position of the bubble on each slice, and bottom: coordinates of the bubble versus time.

for moderate Reynolds numbers. Power-law fluids were also consid-
ered (Dhole et al., 2007) in their study of the Sherwood number
dependence of the Reynolds and Peclet numbers under the axisym-
metric steady flow assumption. Assuming steady mass transfer, Cao
et al. (2020a) used numerical simulations of a rising bubble in two
dimensional yield stress fluids to derive a correction factor to im-
prove the prediction of surface-averaged Sherwood numbers. Similar
efforts for improving the Sherwood number estimation were carried
out by Vasconcelos et al. (2002) and Goémez-Diaz et al. (2007) who
used potential flows at large Reynolds numbers with completely mobile
surfaces. Clift et al. (1978) presented a correlation for the Sherwood
number for spherical bubbles over a large range of regimes covering
from creeping flow to high Reynolds numbers. Also under the potential
flow assumption, Coppus and Rietema (1980) introduced a correlation
for the mass transfer coefficient in spherical cap bubbles. Spherical cap
bubbles were also studied by Kendoush (1994, 2007). They presented a
Sherwood number correlations under forced convection and extended
the analysis to ellipsoidal bubbles in potential flows.

Few numerical studies that deal with mass transfer from the bubble
rising within non-Newtonian fluids assume a spherical bubble under
steady conditions. In this study, we propose extending this study of the
transfer rate at the bubble interface, including a non-spherical bubble
shape, rising in Carreau liquids in a transient regime. Although the
Carreau model is widely used for shear thinning fluids, this model has

been applied to shear thickening fluids as well (Ahmed et al., 2020;
Lashgari et al., 2012; Coclite et al., 2020).

2. Physical model

Fig. 1 shows a diagram of the numerical domain consisting a cubic
box filled with Newtonian or non-Newtonian fluids with a length of
120. The radius of the spherical bubble is 0.5 and is initially released
at (xg, yo, zg) = (0,15,0) with zero velocity. The large box dimensions
ensure that the wall effects on the bubble dynamics are minimized.

Using the interface topology, the different regimes of the air-water
system are illustrated in a Ga-Bo phase plot in Fig. 2. According to the
plot, the five regimes are axisymmetric, oscillatory (zigzag or spiral),
skirted, peripheral breakup and central breakup regions (Tripathi et al.,
2015). To study the impact of the rheology on the bubble dynamics,
the Bond and Galilei numbers were set to Bo = 2 and Ga° = 30.
Located very close to the limit with the oscillatory regime, we expected
to observe departures from the axisymmetric trajectory exhibited by
the air bubble when it is released in water, which is a Newtonian fluid.
The values of 1 and n for the shear thinning fluids used in this paper are
taken from the experiments of Zhang et al. (2010) and also numerical
simulation of Premlata et al. (2017). Moreover, we use a value of flow
index for shear thickening fluids to study this case as well.



K. Kazemi et al.

3. Mathematical model

3.1. The non-dimensionalization of the Navier-Stokes Equations for two-
phase flows

The mass continuity equation and the momentum or Navier-Stokes
Equations (NSE) for incompressible binary and immiscible flows can be
written as (Gueyffier et al., 1999):

V-a=0 (€D)]

p[aa—'tf +ﬁ-Vﬁ] — _Vj+ V- (uVil) + S0kii — pgJ @

where (@, 0, w) is the velocity vector with components &, & and w
aligned in the %, y and Z directions, respectively. p, 7, p, g and u rep-
resent density, time, pressure, gravitational acceleration and dynamic
viscosity, respectively. The Dirac delta function, §, expresses the fact
that the surface tension term is concentrated on the interface. ¢ denotes
surface tension coefficient which is constant. fi represents the outward-
pointing unit normal to the fluid “A” at the interface, #fi denotes
interfacial curvature and j is the unit vector in the vertical direction
(along gravity-negative y direction). The tilde indicates dimensional
variables. Here, the surface tension force is considered as a body force
term using the continuum method suggested by Brackbill et al. (1992).

Note that, using the Einstein notation, the momentum diffusive
term can be expressed in terms of the deformation tensor D;; =
(Ou; +0;u;) /2 as V - (uViR) = V - (2uD;;).

For two-phase flows, the density and viscosity can be written as:

pEp(N)=paf +ppl=f) 3
u=Eu(f)=ppf +ugd - f). ()]

where A stands for the ambient fluid phase (with density p, and
dynamic viscosity yu4) in which its rheology is characterized using the
Carreau model and B refers to the bubble fluid (with density pp and
dynamic viscosity up) of Newtonian behavior. The volume fraction of
fluid f, bounded between 0 (fluid B) and 1 (fluid A), is used to track
the interface between two phases.

The velocity, length and pressure scales can be defined as:

I*=R (5)
W' =+/gR (6)
P = pau*)? )

where R represents the radius of the initially spherical bubble. In this
case, the set of non-dimensional parameters yield:

B pAu*l* B gl/2R3/2

Ga (8)
Ha Va
*2 7% 2
! R
Bo= 2% L _ PaST 9
(o2 (o2
I* R
Ri=% =58 (10)
u*? gR

where Ga, Bo and Ri are Galilei, Bond and Richardson numbers,
respectively.

The non-dimensional governing Navier-Stokes equations can be
written as:

Du 1 1 1 -

Ju_ 2| _v. - _ 11

D p Vp+GaV (ﬁVu)+B05KIl J an

where a = ,,L =f+p*U-f),p= ML = f+ u*(1 — f) and the density
A A

and dynamic viscosity ratios are defined as p* = Z—B and u* = Z—B,
. A A
respectively.
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3.2. Non-Newtonian model

For a non-Newtonian surrounding fluid (fluid A), the viscosity is
dependent of the shear rate. The Carreau rheological model can be
written as (Yasuda et al., 1981):

2] (=172

yA=/42;1=/40A [1+(AIT) 12)

where /43 represents the dynamic viscosity of fluid A corresponding to
the zero shear rate. 4 and n are the inelastic time constant and flow
index, respectively. IT = (E; E; j)o‘5 is the second invariant of the strain
ou; ou;

=4 Ly,

ox; 0x;

Using the scaling already described, we finally obtain the non-
dimensional NSE for the bubble rising in Newtonian/non-Newtonian
fluids as:

Du_1

1 | S
=—|-Vp+—V - (fVu) + ——6x@i| — 13
D —a| VPTGV VW pooknl -y 13)

rate tensor, wherein E;; = %(

o8\ /2R3
0

where the Ga° = , =4 and p* = i—g In this study, the

Ha Ha A
density ratio, p*, and the initial viscosity ratio, u*, are set to 0.001
and 0.01, respectively.

3.3. Passive scalar transport

The general equation for the transport of a passive scalar ¢ can be
written as:
op -~ ~
E+v.u¢_v~(Dv¢) a4
where D is the passive scalar diffusion coefficient.

The equation above can be non-dimensionalized using ¢ = (¢ —
$w)/ ($0 —$°°) where % and $0° are the initial scalar within the bubble
and far-field values, respectively. Thus, the non-dimensional equation
reads:

¢ 1,
— +V - -up=—V 15
ot ¢ Pe ¢ (15
where Pe = % is Peclet number. Initial value of ¢ inside the bubble
is 1 and everywhere else is zero.

The density flux of the scalar ¢ can be written as:
4y =-DVé (16)

where D is the scalar diffusion coefficient.
This quantity can also be expressed using Newton’s Law of Cooling
as:

dy =hy (8, - o) an

where h, is the local convective transport coefficient, $S is the local
value of ¢ at the bubble surface and q.’~>m is the environment value of
the scalar (assumed constant).

The amount of $ transferred from the bubble to the environment
through the interface §(f) can be written as:

G=2 [#4V= [ -0VF-5aS = [ 1,(3,-b.)a3 1)
or J 5 3

where V(f) is the bubble volume (assumed constant). Using the Gauss
Theorem, the non-dimensional form of the Eq. (18) can be written as:

a4y _ _p,0 _ 2 _ [ hel”
FeD _q¢_Pe0t/v¢dV— /VV qﬁdV—/S ) ¢dS (19)

Using () to denote interface averaged quantities, (h,) is the surface-
averaged convective transport coefficient and (¢,) is the
surface-averaged value of ¢, and Eq. (19) can be written as:

Ay JyViedV _I(hy)

Sh) = = = 20

B = 3= D 20)
And therefore,

dp = (Sh){ey) 21

where (Sh) is the surface-averaged Sherwood number.
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Fig. 7. Viscosity profiles, u, for different flow indexes at different times in y—z plane.
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3.4. Numerical method

Egs. (1), (13) and (15) are solved using Basilisk (Popinet, 2019), a
Volume-of-Fluid (VOF) open source solver widely used to numerically
investigate multiphase flows (Karnakov et al., 2020; Lopez-Herrera
et al.,, 2019). Basilisk uses a surface-tracking approach to numeri-
cally study the evolution of complex interfaces that eventually can
breakup and/or coalesce under large density and viscosity ratios. Using
balanced-force continuum surface force formulation to calculate the
surface tension force, Basilisk guarantees the minimization of parasitic
currents at the interface (Popinet, 2009). Numerical efficiency is en-
sured by dynamically increasing the local mesh resolution according
to user-specified criteria. In the present application, the oct-tree based

mesh refinement strategy uses local values of velocity magnitude and
the passive scalar concentration along with the bubble interface po-
sition by controlling the error on them. Different tank volumes were
compared to identify the optimal domain size that ensured that the
effects of the walls, modeled as no-slip surfaces, are negligible. Under
the oct-tree mesh hierarchy used in the solver, the background mesh
resolution level was set to refinement level 2° which corresponds to
a mesh resolution of 32 cells in each direction. The mesh refinement
strategy resulted in an increase in the total number of cells of up to
107 cells. Using the temporal evolution of the non-dimensional density
flux g, and local Reynolds number Re, % where u, is the

H
bubble rising velocity and d is initial diameter of the bubble, mesh-
independence results for n = 0.3 and Pe = 1000 are shown in Fig. 3.
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The differences between the three different considered mesh levels,
m = 10,11, 12, suggest that m = 11 leads to satisfactory grid resolutions.
Mesh level, m, indicates the level of refinement applied to the initial
mesh resolution based on the different parameters (here, local values
of velocity magnitude, the passive scalar concentration and bubble
interface position). In addition, the mass conservation error is defined
as the variation in the bubble volume:
000 =V
Vo

where V), is the initial volume of the bubble and V(r) = (1- 1) fV dV (1).
Fig. 4 shows that the error is under 0.05% for all simulations. Note
that negligible differences are observed between the different cases in
Fig. 4. These differences are mainly due to the use of adaptive mesh
refinement, which implies a different mesh resolution for each case. The
open source Basilisk code has been modified to account for rheological
effects and compute the transfer rate directly without any further post
processing. The procedure of calculating g, by using volume integral
inside the bubble and the Carreau rheological model are added to the
Basilisk as well as the surface-averaged value of the scalar, (¢,), which
is necessary to calculate (Sh).

E=1 (22)

4. Results

We simulated a single bubble rising in Newtonian, shear thinning
and shear thickening fluids in a large tank and studied the effects of the
rheological properties on the bubble dynamics and the effects of the
Peclet number and rheological properties on the mass transfer across
the bubble interface.

4.1. Effects of the rheological properties on the behavior of the bubble rising
dynamics

The bubble rising dynamics behavior strongly depends on the rhe-

ological properties such as the flow index. Defining effective Galilei
paupL patipEL

number, Ga,;; = . and effective Bond number, Bo,,, = =
where u,, is the bubble rising velocity and characteristic length scale is
L =V /A, we can see the effects of the flow index on Ga— Bo phase plot
in Fig. 5. It can be seen that for the shear thickening case, the bubble
dynamics behavior shifts to the axisymmetric region while for the shear
thinning cases it shifts to the oscillatory region.

In this section, we studied the effects of the flow index on the bub-
ble rising dynamics, which includes bubble trajectory, rising velocity,
shape of the bubble and the viscosity field. Four different flow indexes,
n, were considered: 0.3 and 0.6 for the shear thinning fluids, 1 for the
Newtonian fluid and 1.7 for the shear thickening fluid.

4.1.1. Bubble trajectory

Fig. 6 shows the position of the center of mass of the bubble initially
located at (x; = 0,y = 15, z, = 0) versus time for different cases. The
results indicate that the bubble rises along the vertical axis for n = 1.0
and also for n = 0.6 and = 1.7. In contrast, the most extreme case of
shear thinning, with n = 0.3, shows an oscillatory path characterized by
a zigzag motion. As a result, this case exhibits larger bubble excursions
and lateral departures. This suggests that when the background flow
behaves as a shear-thinning fluid, the bubble dynamics may eventually
resemble those exhibited by a Newtonian ambient fluid at larger Galilei
numbers. Moreover, by zooming into Fig. 6, one can find that when
n = 0.3, the bubble rises faster in comparison with the case of n = 0.6
until + = 0.5 when the oscillatory behavior of the bubble starts to grow

up.

4.1.2. Interface topology

Fig. 7 shows x = 0 slices of the viscosity field for different flow
indexes at three different times along with the shape of the bubble
(in white). In comparison to n = 1, shear thinning ambient fluids
lead to significant departures from the spherical shape of the bubble
which tends to flatten as it rises. In contrast, shear thickening ambient
fluid tends to prevent the bubble from significant deformation. When
growing in a shear thinning fluid, the oscillatory behavior of the bubble
in Fig. 6 also results in oscillatory changes in the bubble topology. In
contrast, changes in the bubble shape are slight for n = 0.6, 1.0, 1.7. This
is clearly observed in both Fig. 8 and Fig. 9 which show respectively the
temporal evolution of rising velocity magnitude of the bubble and the
normalized bubble interface area. When compared to the Newtonian
case, shear thickening ambient fluid leads to a significantly lower rising
velocity due to locally increased viscous friction. On the other hand,
reduced viscosity in the interface vicinity leads to faster rising bubbles
for both n = 0.6 and n = 0.3. In the latter case, however, the bubble
exhibits an oscillatory behavior with a vertical rise velocity mean value
very close to the constant value exhibited by the n = 0.6 case.

Note that instead of using a bubble shape factor, measuring based
on the maximum and minimum characteristics length, to track the evo-
lution of the interface growth as in Gumulya et al. (2019) and Cao et al.
(2020Db), the results in Fig. 9 use the actual normalized bubble interface
area. The definition proposed in here is more accurate since we can
explicitly measure the bubble surface area. The rate of bubble interface
deformation for the Newtonian, the n = 0.6 and the n = 1.7 cases,
rapidly saturates and remains almost constant along the duration of
the numerical experiment. In contrast, despite its oscillatory behavior,
the interface area in the n = 0.3 case seems to grow at a slower rate
in comparison to the other cases. Taking the fast Fourier transform of
the bubble area, the velocity of the bubble in y-direction and velocity
magnitude versus time for the case n = 0.3, the main frequency for the
bubble area and the velocity of the bubble in y-direction is 0.2 while
for the velocity magnitude is 0.4.
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Fig. 10. Surface-averaged Sherwood number vs.

4.2. Effects of the rheological properties and Peclet number on the mass
transfer between the bubble and surrounding liquid

In this section, the effects of the flow index and Peclet number on
the mass transfer across the bubble interface are studied. In addition
to the previous flow indexes, seven different Peclet numbers are also
considered: 10, 100, 200, 400, 600, 800 and 1000. Fig. 10 shows
the surface-averaged Sherwood number versus time for different Peclet
numbers and flow indexes. It can be seen that for n = 1 and n = 1.7, the

time for different Peclet numbers and flow indexes.

surface-averaged Sherwood number reaches a constant value while for
the shear thinning cases, it oscillates over time. The oscillatory behavior
of the surface-averaged Sherwood number in shear thinning fluids is
due to the oscillatory behavior of the rising velocity of the bubble and
time-dependent behavior of the diameter of the bubble. Taking the
fast Fourier transform of the surface-averaged Sherwood number versus
time, the main frequency for the surface-averaged Sherwood number
for the case n = 0.3 is 0.2, which is equal to the frequency of the bubble
rising velocity in y-direction as well as the frequency of the bubble area.
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To have a constant value for the surface-averaged Sherwood number in
the shear thinning cases, the time averaged value of (Sh) is calculated.

Kishore et al. (2007) presented a correlation for the average Sher-
wood number for the mass transfer between a fluid sphere and power-
law liquids. They considered an oversimplified model with a spherical
and rigid drop moving steadily in an infinite two dimensional power-
law fluid medium with the constant drop size in spite of the mass
transfer between two phases so that they could use quasi-steady state
assumptions. Therefore, they developed a correlation for the aver-
age Sherwood number as a function of the Reynolds number, Peclet
number, flow index and viscosity ratio with the assumptions of a quasi-
steady state, which means that the mass transfers steadily from the
fluid sphere to the surrounding fluid. In other words, they assumed

that the quantity of the scalar inside the bubble is always constant.
This correlation is as follow:

0.42
L19(n +1) o053 Pe w014, (n+1 ~0.15,, %1025
Shy = |-t 2| ReY? (=5 o (B ) Py,
(sh) [l.7n+l.5 %\ ke, ) “ Tsn ) PO

(23)

The surface-averaged Sherwood number obtained in the present
study is compared with the averaged Sherwood number calculated
by Kishore et al. (2007) in Fig. 11 (left) and with the experimental
results of Roudet et al. (2017) for the Newtonian case in Fig. 11 (right).
It can be seen that our results are in good agreement with the experi-
mental ones. The differences between our results and Kishore’s results
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Fig. 14. Scalar field, ¢, and vorticity field for different flow indexes at r = 10 in y-z
plane, Pe = 100.

are due to the different conditions: they considered an axisymmetric
undeformable liquid drop with a constant scalar value inside the bubble
located in an infinite power-law fluid, while we have a deformable gas
bubble that rises in Newtonian and non-Newtonian fluids modeled with
the Carreau and the value of the scalar inside the bubble is not constant.
These differences are shown in Fig. 12, comparing the surface-averaged
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Sherwood number versus flow index for different Peclet numbers with
the results of Kishore et al. (2007). In addition, Fig. 13 indicates the
differences between our results and the results of Kishore et al. (2007)
for the averaged Sherwood number versus Peclet number for different
flow indexes.

Fig. 14 shows the vorticity and isolines for the scalar around the
bubble for different flow indexes at 7 = 10. It can be seen that there are
two main vortices inside the bubble and their magnitudes increase with
a decreasing flow index, while their covered areas decrease. Moreover,
it can be seen that the thickness of the scalar boundary layer increases
by increasing the flow index while the complexity and 3D effects
decrease. Furthermore, it can be seen that by decreasing the flow index,
the scalar diffuses faster. This increase in transfer rate is caused by the
increase of bubble velocity and surface area and therefore an increase in
convection around the bubble. In non-Newtonian cases, investigated in
this article, the strain-rate tensor strongly affects the local deformation
of the fluid interfaces. Vela-Martin and Avila (2021) showed that the
local variation of the surface energy depends on the strain rate tensor.
Here, we observe that the strain rate tensor strongly affects the local
deformation of the fluid interfaces (Fig. 9). In shear thinning fluids the
velocity gradients are bigger which lead to more deformation while
in shear thickening fluids the deformation is less due to the smaller
values of the velocity gradients. Here, strain-rate tensor magnitude at
the interface for shear thinning fluids is greater than the magnitude for
shear thickening fluids.

A simple correlation for the surface-averaged Sherwood number can
be developed (Guimera et al., 2020) based on the present numerical
results. This correlation can estimate the rate of mass transfer in a gas—
liquid system in which a deformable bubble rises in Newtonian and
non-Newtonian ambient fluids:

03<n<17

10 < Pe <1000 ° 24)

(Shy=2.151n (?)

Fig. 15, shows non-dimensional density flux, g,, versus time for
different ambient fluids and different Peclet numbers.

As it can be seen in Fig. 15, the logarithmic non-dimensional density
flux depends linearly on time for + > 2. A simple correlation for the
non-dimensional density flux can be developed to estimate the flux in a
gas-liquid system for different ambient fluids and Peclet numbers. The
following expression was extracted from the present numerical results:

03<n<17
Sh =0.11(0.067+1) = =
4y = 2.24(Sh) [u (1 19.0 + (ShY + ﬁ)] 10 < Pe < 1000
Pe n
0 < (Sh) <40
(25)

5. Discussion

This work numerically simulates a single bubble rising in a large
tank to study the effects of the rheological properties on the bubble
dynamics and mass transfer from the bubble to the surrounding fluids.
For the given parameters, the bubble rises vertically on the center
line of the cavity in the Newtonian fluids. By decreasing the flow
index (shear thinning), the rising velocity of the bubble increases and
as a result, the local Ga number increases and the bubble trajectory
changes to the zigzag motion, which means that the behavior of the
bubble dynamics shifts to the oscillatory region in Fig. 2. And vice
versa, increasing the flow index (shear thickening) leads to decrease
the rising velocity and local Ga number so that the behavior of the
bubble dynamics shifts to the axisymmetric region.

The increase of the local viscosity in shear thickening fluids leads
to a reduction of the momentum diffusion, the smoothing of the local
velocity gradients and, therefore, the reduction of the rate of strain.
As a result, the interface deformation is not remarkable, the bubble
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Fig. 15. Non-dimensional density flux vs. time for different Peclet numbers and flow indexes.

remains almost spherical and the area of the bubble increases slightly.
By decreasing the flow index, the local viscosity in the vicinity of the
bubble decreases leading to an increase in the momentum diffusion,
local velocity gradients and as a result, an increase in the rate of
strain. Therefore, the bubble deforms more and the area of the bubble
increases. Increasing the area as well as the rising velocity of the bubble
leads to faster mass transfer from the bubble to the ambient fluid.

10

At low Pe numbers, the effects of the flow index on the surface-
averaged Sherwood number is really small. At high Pe numbers, the
surface-averaged Sherwood number increases by decreasing the flow
index which means that the mass transfer is more inefficient at higher
flow indexes. Concentration contours show that the scalar boundary
layer thickness around the bubble increases by decreasing the flow
index. Moreover, the complexity and 3D effects increase by decreasing
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the flow index due to the oscillatory behavior and deformation of the
bubble.

Since the scalar value inside the bubble diffuses, we are able to
capture the density flux. Together with the surface-averaged Sherwood
number, density flux is a crucial parameter for displaying the efficiency
of the mass transfer in a transient state. Density flux increases by
decreasing the flow index, which leads to the more efficient mass
transfer at lower flow indexes.

6. Conclusions

A single gas bubble rising in a Newtonian fluid, a shear thinning
fluid and a shear thickening fluid were simulated numerically using
Basilisk with adaptive mesh refinement based on the velocity magni-
tude, passive scalar value and the position of the interface to study the
effects of the flow index on the bubble dynamics and mass transfer
rate across the interface for different Peclet numbers. For the shear
thickening fluid, the rising velocity is relatively low and the shape
of the bubble does not deform, while by decreasing the flow index,
the rising velocity and the deformation of the bubble increase. For
the shear thinning fluid, the surface-averaged Sherwood number has
an oscillatory behavior versus time due to the oscillatory behavior of
the rising velocity magnitude. In this work, we considered the effects
of the deformation of the bubble, the 3D dynamics behavior and a
non-constant scalar value inside the bubble on the mass transfer rate.
We found a correlation for surface-averaged Sherwood number as a
function of the Peclet number and flow index and a correlation for
density flux as a function of the surface-averaged Sherwood number,
Peclet number, flow index and time.
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