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Abstract - The viscosity distribution of the liquid around a rising bubble in carboxymethyl cellulose (CMC) 
aqueous solutions was measured experimentally by particle image velocimetry (PIV). The effect of the 
concentration of CMC solutions on the viscosity distribution around a bubble and the coupling relations 
between the viscosity field, flow field and shear stress field were also studied. Results indicated that the 
specific viscosity (non-dimensionalized by 0η ) decreases with the increase in CMC solution concentration 
due to a shear thinning effect. Within the experimental range, similar viscosity distributions of liquids around 
a rising bubble were found: a hollow cylindrical low viscosity region around the bubble wake and a high 
viscosity region in the central bubble wake. 
Keywords: Non-Newtonian fluid; Bubble; Viscosity distribution; Shear-thinning effect. 

 
 
 

INTRODUCTION 
 

Gas-liquid two phase flow is frequently 
encountered in many industrial fields such as mineral, 
chemical, food, biochemical and waste water 
treatment. The underlying knowledge of bubbles 
moving in fluids is an essential foundation for the 
design and optimization of process units (Clift et al., 
1978). In recent decades, studies on bubble behavior 
in gas-liquid two-phase flow have attained remarkable 
achievements both experimentally and theoretically. 
Davies et al. (1950) observed the shape and velocity 
of air bubbles varying with volume in water. Lance et 
al. (1991) studied the turbulence induced by bubbles 
in an air-water system. Chen et al. (1998) observed 
the wake of bubbles in water. Hassan et al. (2001) 
studied the velocity field of the bubble and Rodrigue 

(2004) proposed a general correlation for the drag 
coefficient of bubbles. Ribeiro Jr. et al. (2004) studied 
bubble size distributions and bubble mean diameters 
by a photographic technique for a direct-contact 
evaporator operating. Kulkarni et al. (2005) presented 
a comprehensive review of bubble behavior in gas-
liquid systems and illustrated the present status of the 
subject thoroughly. Mandal (2010) studied the gas 
holdup, bubble sizes and their distribution for water-
air system in a down-flow jet loop reactor. However, 
in comparison with Newtonian fluids, the 
understanding of the moving behavior and mass 
transfer mechanism of bubbles in non-Newtonian 
fluids remains still insufficient due to the inherent 
complexities.  

It has been found that the bubble shape and rising 
velocity (Moore, 1958), the interaction between 
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bubbles (Toshiyuki et al., 2005), and the interphase 
mass and heat transfer (Wang et al., 2010) depend 
dramatically on the viscosity of the liquid. In 
addition, for non-Newtonian fluids, the viscosity is 
also susceptible to the shear stress due to the 
complex rheological behavior. Shear thinning non-
Newtonian fluids are the most common kind of non-
Newtonian fluids and are characterized by a 
decreasing apparent viscosity with increasing shear 
rate. This kind of non-Newtonian fluid is widely 
used in industry. For instance, the fermentation 
liquor in many biochemical processes is a typical 
shear thinning non-Newtonian fluid. Because high 
shear stress can demolish the fragile 
microorganisms, the study of the relationship 
between the viscosity and the shear stress is an 
essential prerequisite and could provide useful 
information for biochemical process design and 
optimization (Zhao et al., 1998; Al-Masry, 1999). 
Allen et al. (1991) studied the mean apparent 
viscosity of fermentation liquor in a bubble column 
bioreactor and found that the viscosity of the 
fermentation liquor was proportional to the 
superficial gas velocity. Kawase et al. (1991) 
introduced the concept of energy dissipating rate and 
concluded that the mean apparent viscosity of 
fermentation liquor relied strongly on the energy 
dissipating rate, superficial gas velocity and 
rheological properties of the liquid. Due to the 
limitation of measurement techniques, the above 
mentioned studies mostly considered the mean 
apparent viscosity of non-Newtonian fluids. 
However, when a bubble rises in a non-Newtonian 
fluid, the local viscosity of the liquid near a rising 
bubble is quite different and depends on the shear 
stress distribution caused by the relative motion of 
fluids. Therefore, information on the local viscosity 
distribution around rising bubbles is necessary for 
the better understanding of the bubble moving 
behavior in non-Newtonian fluids. Unfortunately, 
although Zhang et al. (2010) numerically explored 
the local viscosity distribution around bubbles in 
shear-thinning non-Newtonian fluids using the level 
set approach, so far there is little experimental 
information about the local viscosity distribution 
around bubbles rising in non-Newtonian fluids. 

As a typical non-Newtonian fluid, carboxymethyl 
cellulose (CMC) solutions can model various types 
of non-Newtonian fluids used in many industrial 
processes due to their shear-thinning property. In this 
work, the local viscosity distribution of the liquid 

around a rising bubble in an aqueous CMC solution 
was studied using particle image velocimetry (PIV). 
 
 

PROCEDURE 
 
Experimental Apparatus 
 

The schematic diagram of the experimental 
apparatus is shown in Figure 1. Gas was injected via a 
nozzle (inner diameter: 1.0 mm) into the bottom of a 
bubble column (150 mm×150 mm×1700 mm) from a 
gas cylinder by a valve and rotameter (within ±0.01 
cm3/s). The time interval between successive bubbles 
was long enough (120 s) to minimize the mutual 
influence between them. The flow field was measured 
by particle image velocimetry (PIV) (3D FlowMaster, 
LaVision GmbH, Germany) which consisted of a 
double pulsed Nd:YAG laser (532 nm wavelength), a 
high-resolution CCD camera (LaVision FlowMaster 3 
system, image size 1376×1040) with a Nikon lens. 
The appropriate amount of fluorescent tracer particles 
was seeded into the fluid homogeneously. These 
fluorescent tracer particles have a density of 1050 
kg·m-3 and a mean diameter of 7 μm that can follow 
the flow closely and have nearly no effect on the flow 
structure and fluid properties. The beam from the laser 
passed through the laser lens system, forming a sheet 
of light that illuminated the observing field (80 
mm×60 mm) 700 mm above the nozzle at the double 
pulsed intervals of 100 μs. Two successive exposures 
of the flow to the pulsed laser light sheet were 
recorded in two separate frames. Steady motion of the 
bubbles is reached after moving a distance equivalent 
to a few bubble diameters, so the bubbles rise at their 
terminal velocity within the observing field. The 
camera recorded 5 pairs of frames per second. Typical 
images with tracer particles and the bubbles’ real 
shapes are shown in Figure 2. These images were 
divided into small interrogation windows the size of 
16×16 pixels with an interrogation area overlap of 
50%. The data processing was completed with 
LaVision’s software (Flow Master 3) using the cross-
correlation algorithm. The main error source in the 
velocity measurements was the displacement of the 
particles in the image between two consecutive 
frames, which depended on the optical parameters of 
the camera, lenses and laser and the algorithm for 
finding the centroid of the particles in the image. All 
experiments were carried out at room temperature and 
atmospheric pressure. 



 
 
 
 

The Viscosity Distribution Around a Rising Bubble in Shear-Thinning Non-Newtonian Fluids                                          267 
 

 
Brazilian Journal of Chemical Engineering Vol. 29,  No. 02,  pp. 265 - 274,  April - June,  2012 

 
 
 
 

 
Figure 1: Schematic diagram of the experimental setup. 

 

   
(a) (b) (c) 

Figure 2: The images of bubbles captured by PIV. (a) 0.2% CMC; (b) 0.6% CMC; (c) 1.0%CMC. 
 

 
Nitrogen was used as the gas phase and its density 

and viscosity are 1.25 kg·m-3 and 1.7×10-5 Pa·s, 
respectively. An aqueous solution of CMC (analytical 
grade; Mw: 5×106 D; Tianjin Kermel Chemical 
Reagent Co.,Tianjin, China) was used as the liquid 
phase. Mass concentrations of the aqueous CMC 
solutions were 0.2%, 0.6%, and 1.0%, respectively. 
The density of the liquid was measured using a 
densimeter (AntonPaar, DMA5000, Austria) with an 
accuracy of ±1.0%. The surface tension was measured 
with a dynamic surface tension apparatus (DCAT21, 
dataphysics, Germany) with an accuracy of ±1.0%. 
Liquid physical properties and bubble parameters are 
listed in Table 1. 
 
Table 1: Liquid physical properties and parameters 
of bubbles in the experiments. 
 

Fluid ρ(kg·m-3) σ(mN·m-1) de(mm) U(m·s-1) 
0.2% CMC 1001 63.47 8.0 0.21 
0.6% CMC 1007 55.73 8.2 0.18 
1.0% CMC 1015 52.55 8.1 0.16 

 
Computational Method 
 

A commercial program, TECPLOT, was used for 
post-processing of the PIV data. In order to obtain the 
viscosity distribution around a rising bubble, the 
recorded instantaneous flow field around the bubble is 

divided into a series of grids to execute the 
interpolation, resulting in a grid size of 1.0 mm×1.0 mm. 
The interpolation is a method of constructing new data 
points within the range of a discrete set of known data 
points. Here, in executing the interpolation process, the 
Kriging algorithm was performed for the instantaneous 
flow field. For aqueous CMC solutions, the viscosity 
( )η γ  depends on the shear rate γ . The shear rate γ  of 

each grid point is calculated based on a finite-
difference approximation for the interpolated velocity 
field as follows: 
 

yx x x

y y

UU U (i, j 1) U (i, j 1)
y x 2 y

U (i 1, j) U (i 1, j)
2 x

ΔΔ + − −
γ = + = +

Δ Δ Δ

+ − −

Δ

     (1) 

 
Here xU (i, j 1)+  and xU (i, j 1)−  are the velocity 

components in the x direction of the calculated grid 
points (i, j+1) and (i, j-1), respectively. yU (i+1, j) 
and yU (i-1, j) are the velocity components in the y 
direction of the grid points (i+1, j) and (i-1, j), 
respectively. Δx and Δy are the lengths in the x and y 
directions of the calculated grid point (i, j), 
respectively. The viscosity of CMC solutions could 
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be calculated by a suitable constitutive equation 
according to the shear rate γ . In order to describe 
the shear-thinning degree of different concentrations 
of CMC solutions, the viscosity is represented by the 
specific viscosity (made dimensionless by dividing 
by 0η , where 0η is the viscosity corresponding to 
zero shear rate, which expresses the viscosity of 
quiescent non-Newtonian fluids): 
 

( ) 0η = η γ η               (2) 
 

The shear stress can be described by the product 
of viscosity ( )η γ and shear rate γ . 
 

( )τ = η γ ⋅ γ                (3) 
 
 

RESULTS AND DISCUSSION 
 
Rheological Properties of the Liquid 
 

As is well known, it is impossible to establish a 
general constitutive equation for all kinds of non-
Newtonian fluids. Therefore, selecting a proper 
constitutive equation for a specific non-Newtonian 
fluid is necessary. Among the existing constitutive 
equations, the simplest and most widely used one is 
the power-law model (Schowalter, 1960): 
 

( ) ( )n 1K −η γ = γ              (4) 
 
K is the consistency index and n the flow index, which 
indicates the degree of deviation from a Newtonian 
fluid; the fluid is a Newtonian fluid when n = 1.  

Another extensively used constitutive equation is 
the Carreau model (Carreau, 1972): 
 

( ) ( )
( )s 1

2 2
0 1

−
⎡ ⎤η γ = η + λγ⎣ ⎦           (5) 

 
where 0η  is the zero-shear viscosity, λ the characteristic 
time of the liquid, and s the power law index. The 
Carreau model is a three parameters model and can 
be used at low shear rate.  

The rheological properties of CMC solutions 
were measured using a viscosimeter (Brookfield, 
DV-III, USA) at the experimental temperature. The 
measuring accuracy was ± 1.0% within the 
measuring range and the shear rate range was 
0.1~150 s-1. The change of apparent viscosity along 
with shear rate for CMC solutions is shown in Figure 3. 
The predictions of the power-law model and Carreau 
model are plotted as dotted and solid lines, 
respectively, and the parameters of equations were 

determined by fitting the shear stress and shear rate 
data (Table 2). It can be clearly seen from Figure 2 
that the results predicted by the Carreau model 
exhibit good agreement with the experimental data. 
Accordingly, the Carreau model was adopted to 
characterize the shear thinning behavior of CMC 
solutions in this work.  
 

 
Figure 3: Shear viscosity as a function of the shear 
rate for different CMC solutions. 
 
Table 2: Rheological parameters of different 
percentages of CMC solutions. 
 
Fluid K( Pa·sn) n η0(Pa·s) λ(s) s 
0.2% CMC 0.3306 0.9675 0.3301 0.2508 0.9377 
0.6% CMC 1.9241 0.6963 1.6831 0.3826 0.6544 
1.0% CMC 5.1421 0.5845 4.6234 0.5568 0.5593 

 
 
Flow Field Around a Bubble 
 

The non-uniformity of the liquid flow field near a 
rising bubble is responsible for the viscosity 
unevenness at each local point around the bubble in a 
non-Newtonian fluid due to the shear-thinning effect. 
Information on the flow field is accordingly an 
important basis for a the better understanding of the 
local viscosity distribution around a rising bubble. 
Figure 4 illustrates the measured flow field 
distributions around rising bubbles at different 
concentrations of CMC, where white represents the 
shape of the bubble. Figure 4 shows that the flow 
field displays a typical structure: the rising bubble 
pushes the liquid ahead of it in up-flow and the 
liquid on both sides of the bubble flows back into the 
bubble wake, forming a pseudo-plug flow, as 
reported by Funfschilling et al. (2001). The bubble 
follows a spiral trajectory at low concentration of 
CMC solution, as shown in Figure 4(a). The reason 
for the spiral trajectory of the bubbles is the unstable 
wake of the bubble, as reported by Zenit et al. 
(2009). The unstable wake induces a horizontal 
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force, causing the sideways motion, which leads to 
the path instability of the bubble. It also can be seen 
from Figure 4(a) that a spiral vortex rope appears 
around the wake of the bubble. Brücker (1999) 
pointed out that there exist two components of the 
lift force due to the specific pressure field induced by 
the oscillation of the bubble surface; one moves the 
bubble laterally and the other keeps the bubble on a 
circular path, leading to the occurrence of the spiral 
vortex rope. When the concentration of CMC 
solution increases, the velocity of the bubble 
decreases and the rising trajectory of the bubble 
varies from spiral to rectilinear. Consequently, the 
spiral vortex rope disappears and a vortex ring 
appears around the wake of the bubble. The vortex 
ring follows the bubble due to the upward pressure 

induced by the velocity gradient around it. At the 
same time, the bubble shape evolves from oblate to 
spherical, as shown in Figure 4(b) and 4(c). The 
instantaneous liquid velocity distributions (y/de=0 
and -2) in the x-direction and y-direction are shown 
in Figure 5(a) and 5(b), respectively, adopting the 
center of the bubble bottom as the origin of the 
coordinates. The velocity components in the x-
direction and y-direction decrease gradually with the 
increase of the concentration of the CMC solution, 
but the velocity gradient in the y-direction increases 
gradually with the increase of the CMC solution 
concentration because high concentrations of CMC 
result in high viscosity, which leads to a large energy 
dissipation rate and prevents the momentum from 
transfering to far away regions. 

 

Figure 4: Flow field and shape of bubble rising in CMC solutions (m/s). (a) 0.2% CMC, de = 8.0mm;    
(b) 0.6% CMC, de = 8.2mm; (c) 1.0%CMC, de = 8.1mm. 

 

Figure 5: Instantaneous velocity components of the liquid at y/de = 0 and y/de = -2. (a) Ux-component in 
the x-direction; (b) Uy-component in the y-direction. 
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Viscosity Field Around a Rising Bubble 
 

When a single bubble rises in a shear-thinning fluid, 
liquid motion results in the change of viscosity of the 
liquid around the bubble due to different shear stress 
effect. Otherwise, the variation of the viscosity would 
lead to a change in the velocity and shape of the 
bubbles. Figure 6 illustrates the experimental results for 
the viscosity field around a single bubble rising in 
solutions with different concentrations of CMC. Figure 
6(b) and Figure 6(c) indicate that the viscosity 
distributions of the liquid near the bubble are similar: a 
hollow cylindrical low viscosity region around the wake 
of the bubble and a cylindrical high viscosity region in 
the central wake. This result also shows good 
conformity to the simulated results (Zhang et al., 2010). 
Moreover, because the viscosity distribution around a 
bubble is closely related to the flow field, as shown in 
Figure 4, the liquid behind the bubble has a high flow 
velocity and low viscosity, while the wake presents 
pseudo-plug flow. The high shear rate corresponds to 
the low viscosity region, while the low shear rate forms 
a high viscosity region. The minimum specific viscosity 
decreases with the increase of the concentration of 
CMC solution. For mass concentrations of 0.2%, 0.6% 
and 1.0%, the minimum specific viscosities are 0.89, 0.5 
and 0.4, respectively. This can be attributed to the shear 
thinning effect of CMC solutions, because when the 
concentration of CMC solutions increases, both the flow 
index n and the minimum of specific viscosity decrease, 
as shown in Figure 6(a). As shown in Figure 6(a), the 
viscosity distribution in 0.2% CMC solutions is very 
different from that at high concentration of CMC. The 
bubble rose with a spiral trajectory in 0.2% CMC 

solution, leading to the appearance of a spiral vortex 
rope around the bubble wake. The large relative velocity 
between the liquid around the vortex rope and the bulk 
liquid led to the occurrence of a large shear stress, 
which resulted in a low viscosity region in a spiral rope 
form. Simultaneously, there existed a spiral high 
viscosity region in the center of the bubble wake. In 
Figure 7(a), the radial viscosity distribution decreased 
alternately due to the spiral rise of the bubble, but in 
Figure 7(b) and 7(c) presented a perfect symmetry with 
the trajectory of the bubble motion gradually tending to 
linear. 
 
Shear Behavior Around a Bubble 
 

The shear behavior is principally responsible for 
the viscosity change of a non-Newtonian fluid. 
Therefore, the shear behavior is directly reflected in 
the viscosity distribution. Figure 8 and Figure 9 show 
the shear stress fields and shear rate fields around a 
single bubble rising in solutions with different 
concentrations of CMC. Note that the shear stress 
fields are the same as the shear rate fields and all 
display a butterfly-like spatial structure similar to the 
viscosity field distribution shown in Figure 6. This 
structure is also consistent with the visualization by the 
birefringence method (Funfschilling et al., 2001). The 
maximal shear stress and the shear rate increase with 
increasing CMC concentration. The higher shear 
behavior region corresponds to the lower viscosity 
region, and vice versa. There exists a higher shear 
region around the wake due to the vortex ring structure 
of the flow field of the liquid, in this region, the effect 
of shear-thinning becoming very strong. 

 

 

Figure 6: Viscosity field around a single bubble rising in CMC solutions. (a) 0.2% CMC, de = 8.0mm;   
(b) 0.6% CMC, de = 8.2mm; (c) 1.0 CMC, de = 8.1mm. 
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Figure 7: Effects of the concentration of CMC solutions on the viscosity distribution. (a) 0.2% CMC,     
de = 8.0mm; (b) 0.6% CMC, de = 8.2mm; (c) 1.0% CMC, de = 8.1mm. 

 
 

 

 
Figure 8: Shear stress distribution in CMC solutions. (a) 0.2%CMC, de = 8.0mm; (b) 0.6%CMC, de = 8.2mm; 
(c) 1.0% CMC, de = 8.1mm. 
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Figure 9: Shear rate distribution in CMC solutions. (a) 0.2%CMC, de = 8.0mm; (b) 0.6%CMC, de = 8.2mm;   
(c) 1.0% CMC, de = 8.1mm. 

 
 

CONCLUSIONS 
 

The flow field and viscosity distribution of the 
liquid around a single bubble rising in a non-
Newtonian fluid was studied by the PIV technique. 
Within the range of experimental conditions, the 
flow field of the liquid around a single rising bubble 
at different concentrations of CMC reveals a similar 
structure: the rising bubble pushed the liquid in front 
of it (up-flow) and then the liquid flowed back into 
the bubble wake, forming a pseudo-plug flow. A 
spiral vortex rope appeared around the wake of the 
rising bubble at low concentrations of CMC. The 
spiral vortex rope disappeared gradually with the 
appearance of a vortex ring when the concentration 
of CMC solutions increased. The viscosity field was 
closely related to the flow field due to the 
rheological characteristics of non-Newtonian fluids. 
The large relative velocity between the liquid of the 
wake and the bulk liquid led to a hollow cylindrial 
low-viscosity region. Conversely, the small relative 
velocity of the internal liquids of the wake led to a 
high viscosity region. The concentration of the CMC 
solution had a remarkable influence on the viscosity 
distribution. The minimal specific viscosity 
decreased with the increase of the concentration of 
CMC due to the strong shear-thinning effect. The 
shear stress property is principally responsible for 

the viscosity change of a non-Newtonian fluid, so the 
distribution of shear stress could be directly reflected 
to the viscosity distribution. The study of the 
viscosity distribution around a bubble rising in non-
Newtonian fluids should be helpful to further 
understand the behavior of bubble motion and the 
interaction between bubbles. 
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NOMENCLATURE 
 
de volume equivalent bubble 

diameter 
m

D unit of molecular weight Daltons
K consistency index Pa·sn

n flow index dimensionless
Reb Reynolds number of the 

bubble 
dimensionless
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s Carreau model parameter dimensionless
U bubble velocity m·s-1

xU  liquid velocity component in 
the x direction  

m·s-1

yU  liquid velocity component in 
the y direction 

m·s-1

x radial coordinate m
Δx the length in the x direction 

at the calculated grid point 
(i, j) 

m

y axial coordinate m
Δy the length in the y direction 

at the calculated grid point 
(i, j) 

m

 
Greek Symbols 
 
γ  shear rate s−1

η  specific viscosity dimensionless
0η  zero-shear viscosity Pa·s

( )η γ  apparent viscosity Pa·s
λ  Carreau model parameter s
τ  shear stress Pa
ρ density kg·m-3

σ  surface force N·m-1
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