
Viscosity and Rheological Behavior of Microbubbles
in Capillary Tubes

Mohammad Mehdi Shams
Schulich School of Engineering, Dept. of Chemical and Petroleum Engineering, University of Calgary, Calgary,

Alberta, Canada, T2N 1N4

Mingzhe Dong
Schulich School of Engineering, Dept. of Chemical and Petroleum Engineering, University of Calgary, Calgary,

Alberta, Canada, T2N 1N4

College of Petroleum Engineering, China University of Petroleum (Huadong), Qingdao, Shandong, China

Nader Mahinpey
Schulich School of Engineering, Dept. of Chemical and Petroleum Engineering, University of Calgary, Calgary,

Alberta, Canada, T2N 1N4

DOI 10.1002/aic.14434
Published online March 17, 2014 in Wiley Online Library (wileyonlinelibrary.com)

The viscosity of microbubbles has been measured in capillary tubes. Experiments were conducted in tubes of different
diameters and lengths, with a constant microbubble concentration. The effects of bubble void fraction and size distribu-
tion on the viscosity of microbubbles were also investigated. Microbubbles demonstrate shear-thinning non-Newtonian
behavior. The viscosity of microbubbles decreases with a decrease in tube diameter and bubble void fraction, and with
an increase in tube length. Although viscosity changes with tube dimensions, the flow index (n0) is only influenced by
the microbubble void fraction. It is also found that bubble size distribution in the range (1–12 mm) used in this study
does not affect the viscosity of microbubbles. The data were then used to develop a correlation to predict viscosity of
microbubbles, which represents the experimental viscosity data with an absolute average relative deviation less than
1.3%. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 2660–2669, 2014
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Introduction

Recently, microbubbles have received a great deal of
attention in various fields, due to their special properties.
First invented by Sebba,1 these bubbles in liquids were stable
with a shell created by surface active agents. Microbubbles
are called colloidal gas aphrons (CGA) due to their surface
properties.2

The special structure and stability of microbubbles have
made them suitable for many applications. Their small size
increases the active surface area required to adsorb contami-
nants in microflotation purposes.3 Stability under pressure
and the ability to act as contrast agents against ultrasound
waves have made microbubbles an appropriate candidate for
drug delivery and in vivo ultrasonic imaging.4 Their stability
under pressure also results in a sealing ability, which is uti-
lized in drilling muds to reduce mud loss in high permeabil-
ity reservoirs.5 Beside their stability, the increase in viscosity
due to their presence in aqueous solutions can result in an
increased sweep efficiency, which has been exploited in
waterflooding enhanced oil recovery instead of polymer

injection.6 Another possible application is CO2 sequestration
for greenhouse gas reduction by underground injection. In
this type of injection, the stability and small size of micro-
bubbles are used to provide a leak-free injection with higher
dissolution in saline aquifers.7,8 It has also been reported
that, in some reservoirs, the gas derived from oil due to a
decrease in pressure, will form microbubbles instead of con-
ventional large bubbles. These microbubbles have been
found to preserve the pressure inside of the reservoir and,
thus, increase oil recovery. This form of microbubbles in oil
is called foamy oil.9 Most of the applications mentioned,
involve microbubble flows in capillary environments; there-
fore, it is important to have a complete understanding of
their behavior in capillary flows.

There have been numerous investigations on the effect of
bubbles on wall friction and on bubble distribution in the
cross section of the flow.10–16 However, most of these stud-
ies focus on either large bubble sizes (0.5–2 mm) or flows in
vertical tubes. It has been indicated by several investigators
that the presence of bubbles results in a flattened liquid
velocity at the center of the tube.10–13 This behavior is
caused by the bubble void fraction distribution along the
cross section. It is shown that bubble distribution reaches its
maximum close to tube wall. This maximum is more pro-
nounced as the continuous phase Reynolds number
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reaches values under 5000 (Rec< 5000). In the

case of higher Rec values, the suspensions behave as a
homogenous flow.14 These investigators have also demon-
strated that, as the bubble size decreases, the bubbles tend to
migrate closer to tube walls. Presence of bubbles close to
tube walls result in an increased friction to the flow.

All of these studies have focused on bubble size in range
of 0.5–2 mm. Therefore, investigations conducted in horizon-
tal tubes have resulted in a partial separation of bubbles
from the flow. The separation has caused a denser collection
of bubbles on the top part of the tube.15 This behavior has
been more pronounced in the case of low Rec values. There
have also been investigations done on microbubbles in hori-
zontal tubes. Chernyshev16 investigated microbubble (mean
diameter 5 40 mm) behaviors in tubes; the effect of micro-
bubbles on the wall friction factor in tubes with diameters of
1.8 and 2.9 cm was considered. It was found that the
increase in wall friction factor was only a factor of the Rec

and the bubble void fraction. Besides, Tseng et al. have con-
ducted experiments on microbubble flow through rectangular
horizontal tubes.17 In their study, they measured both effec-
tive viscosity and friction factor of microbubbles. However,
their study was focused on high bubble void fractions (71–
64%) of microbubbles in high shear rates (1000–7000 s21).
To our knowledge, investigations have not yet been con-
ducted to relate the viscosity of microbubbles to the wall
friction factor in very small Rec (Rec< 50) in capillary tubes.
Moreover, the viscosity of microbubble suspensions in capil-
lary environments is one of the most important parameters
involved in understanding their behavior.

In this study, the viscosity of microbubbles is measured in
capillary tubes using a pressure drop along the tubes. The
effect of tube diameter, tube length, microbubble void frac-
tion, microbubble size distribution, and the Rec on the rheo-
logical properties of microbubbles is taken into
consideration. Subsequently, the experimental data have
been used to develop a correlation to predict viscosity in
capillary tubes. The rest of this article is organized as fol-
lows: first, we present the experimental section describing
the method, materials, and procedure; afterward, rheology of
microbubbles is described; then a correlation to regenerate
the experimental viscosity data is presented; finally comes
the results and discussion section, followed by conclusions.

Experimental

Microbubble generator

Microbubble generators trap gas into a liquid using jet
entrainment, cavitation, or turbulence at the gas–liquid inter-
face to entrain bubbles into the liquid. Common methods of
microbubble generation are ultrasound cavitation,18,19 coaxial
electrohydrodynamic atomization,20 microfluidic T-junc-
tion,21–23 and a high-speed mixer.24,25 Although some meth-
ods are capable of generating more uniform bubbles, others
are easier to operate and are used for bulk production of
microbubbles. In this study, the apparatus introduced by
Sebba24 was used with some modifications, as shown in Fig-
ure 1. The main part of the generator is the impeller, which
is surrounded by a perforated casing and functions as the
baffles. Air bubbles entrain into the water when agitations
created by the impeller move through the perforations. The
spinning impeller was mounted 5 cm below the liquid sur-
face. The speed of the impeller was found to have an impact

on microbubble size distribution and stability. At low spin-
ning speeds, the generated bubbles showed low stability.
Conversely, high spinning speeds created very small bubbles
not suitable for microstudies. In this work, 13,000 rpm was
the optimum spinning speed, generating the optimum bubble
size with a good stability.

As mentioned by Save and Pangarkar,26 spinning times
below a certain value could affect the stability of the gen-
erated bubbles. The effect of spinning time was investi-
gated to find the threshold after which the time of spinning
did not affect the stability of bubbles. It was found that 5
min of mixing would generate bubbles with good stability.
Mixing times of more than 5 min have not shown an
improvement on stability. The bubbles were found to
remain stable for 12 h, which was adequate to complete a
series of experiments.

Materials

In this study, air was used as the gas phase and a mixture of
hydrophobic and a hydrophilic surfactant in deionized (DI) water
was used as the liquid phase. The reason to select air as the gas
phase is twofold: first, because of the ease of access to air and,
second, to minimize gas phase solubility in the liquid phase.

Single surfactant solutions have been reported to either not
be capable of generating bubbles or generating bubbles with
short life spans.25 Conversely, combinations of hydrophobic
and hydrophilic surfactants have been reported to generate sta-
ble microbubbles.27,28 Microbubbles produced with this kind
of mixture are surrounded by a trilayer of surfactants. The
hydrophobic surfactant creates a viscous layer around the bub-
ble. The hydrophilic surfactant is present in an inner layer
between gas phase and the viscous layer. Because the outer
boundary of the viscous layer should be in contact with water
phase, another layer of hydrophilic surfactant is also required
to cover the interface of the viscous layer and water. Surfac-
tant molecules in this layer are hydrophilic inward and hydro-
phobic outward; therefore, for the bubble to be in contact with
water, another layer of hydrophilic surfactant is required to be
hydrophobic inside and hydrophilic outside (Figure 2).2

A mixture of 1 g/L sorbitan monostearate (Span 60) and 1
g/L sodium dodecyl sulfate was used to include the

Figure 1. Microbubble generator (modified high speed
mixer based on Sebba24).
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hydrophobic and hydrophilic surfactants, respectively. This
concentration of both surfactants has been reported by Wan
et al.25 to form the most stable microbubbles. To create stable
microbubbles, both of the surfactants need to be dissolved in
water. As Span 60 is a hydrophobic surfactant, it hardly dis-
solves in water. For its complete dissolution in water, it was
necessary to leave the mixture for 24 h to let the Span 60
adsorb water. The surface tension of the mixture was obtained
by the pendant drop method and determined to be 44.3 mN/m.
Moreover, the viscosity of the mixture was measured to be

constant 0.99 mPa s at different shear rates. The density of the
mixture was found to be equal to 1.03 g/cm3.

Microbubble flow test setup

A schematic diagram of the setup used in the experiments
is shown in Figure 3. The main element of the setup is a cir-
cular glass tube (PYREX Brand Glass Tubing). Tube diame-
ters of 0.47, 1.04, and 1.37 mm were used. As tube diameter
has an extensive effect on calculations, the tube diameters
were measured by taking pictures of a cross section of the
tubes by a microscope (Scioptic LTM-402) with a maximum
magnification power of 1000X. Tube lengths of 0.75, 1.00,
and 1.22 m were used to see the effect of tube length.

Both ends of the glass tube were connected to three way
plexiglass chambers. The injection chamber was connected
to the injection lining, transducer, and the tube. The effluent
chamber was connected to the effluent lining, transducer,
and the tube. During pressure measurements, it was con-
firmed that there was no air trapped in the chambers in order
to prevent errors. In the lining connecting the glass tube to
the transducer, several valves were used. The purpose of the
valves was twofold: first, to protect the transducer from over
range pressures and, second, to calibrate the transducer
(which will be explained more later).

The injection of the microbubbles into the capillary tube
was carried out by a pulse-free constant flow syringe pump
(Teledyne ISCO 500D). The microbubble suspension was
first transferred to a transfer cylinder and then injected from

Figure 3. Schematic diagram of capillary tube setup.

Figure 2. Structure of CGA.2
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the transfer cylinder at an accurate constant flow rate using
the syringe pump. Before the injection of the microbubble
suspension, DI water was circulated through the setup to fill
the teflon tubes with water, to eliminate the presence of
microbubbles in the connection lines, the presence of which
may affect the pressure measurement.

Procedure

To measure the viscosity of the microbubble suspension
through the capillary tube, the differential pressure was
measured using a high-sensitive pressure transducer, DP103
(Validyne Engineering). Electric signals transmitted by the
transducer were switched to digital signals by a demodulator
(Validyne CD15) so as to be readable by the computer soft-
ware (Instacal Version 5.52). For the comprehension of the
signals, the transducer should first be calibrated using water
column. Calibration was performed by reading the signals at
three different water column heights. The line connecting
these three points provided the equation to convert signals to
differential pressures.

Before each flow test, microphotographs of the generated
microbubbles were taken using a microscope (Scioptic LTM-
402) with a maximum magnification power of 1000X. The size
distribution and void fraction of microbubbles for each flow test
were analyzed. Because the bubble void fraction is expected to
have an important role in microbubbles’ flow behavior, micro-
photographs of the initial and effluent microbubbles in each test
were taken and analyzed to assure the constant void fraction of
microbubbles through the capillary tubes. Microphotographs
and size distribution for three different bubble size distributions
are shown in Figures 4 and 5, respectively.

Pressure drops of microbubble suspensions were measured
for different tube diameters, tube lengths, flow rates, and gas
void fractions. All of the pressure drop measurements were
conducted at a constant temperature (21�C). The effect of
each parameter was investigated by keeping the other varia-
bles constant. Beside using the aforementioned tube diame-
ters and tube lengths, four gas void fractions of 3.4, 4.9, 6.4,
and 7.8% were used to study the effect of gas percentage on
the viscosity of microbubble suspensions. Furthermore, to
examine the dependence of viscosity on flow rate, the pres-
sure drop was measured in different flow rates while keeping
the other variables constant. Because the effect of flow rate
was investigated through Rec, flow rates examined were
carefully chosen to yield equal Rec numbers in different tube
diameters.

Figure 4. Photos of microbubbles with three different bubble size distributions.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Bubble size distributions (a) Distribution 1, (b)
Distribution 2, and (c) Distribution 3.
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To have a better understanding of microbubble deforma-
tion through capillary tube differential pressure measure-
ments, the capillary number was measured Ca 5

lcca
r

� �
. In

this study, Ca was varied from 4.6 3 1026 to 3.8 3 1024

depending on the bubble size distribution. As mentioned by
Pal29 for small values of Ca, close to zero (Ca< 0.01),
microbubbles can be assumed to be undeformable. There-
fore, in this study, due to Ca numbers close to zero, micro-
bubbles are assumed to be undeformable.

Rheology of Microbubbles

In this work, the theoretical expression given by Rabino-
witsch30 was used to calculate the rate of the shear to micro-
bubbles. This theoretical analysis was also presented by
Mooney31 and Metzner and Reed32. It has also been applied
to measure viscosities of liquid–liquid emulsions by Alvar-
ado and Marsden.33 The expressions are as follows

sw5
RDP

2L
(1)

sw5K0
8V

D

� �n0

(2)

_cw5
3n011

4n0
8V

D

� �
(3)

where sw and _cw are shear stress and shear rate at the capil-
lary wall, respectively. Capillary radius, diameter, and length
are denoted by R, D, and L. DP is the pressure drop along
the capillary tube and V is the average flow velocity. Equa-
tion 1 is used to calculate wall shear stress. As Eqs. 1 and 2
are both expressing wall shear stress, one can write

RDP

2L
5K0

8V

D

� �n0

(4)

The value of 8V/D can be denoted as apparent shear rate.
Therefore, we can write

_ca5
8V

D
(5)

Apparent shear rate and the wall shear rate are related as

_cw5
3n011

4n0
_ca (6)

According to Eq. 4, n0 is the slope of the line drawn to
represent RDP/2L vs. 8V/D on a logarithmic plot. Thus, n0

can be calculated as follows

n05
d ln RDP

2L

� �
d ln 8V

D

� � (7)

After obtaining n0, K0 can be found as the y-intercept of
the line drawn representing RDP/2L vs. 8V/D on a logarith-
mic plot. It has been shown that K0 and n0 are constant over
a wide range of shear stress and apparent shear rate for non-
Newtonian fluids.32

By definition, apparent viscosity is known as

la5
sw

cw

(8)

Substituting Eqs. 2 and 3 into Eq. 8 results in the follow-
ing equation, which is used to calculate the apparent viscos-
ity of microbubble suspensions

la5
4n0

3n011
K0

8V

D

� �n021

(9)

If wall shear rate is changed to apparent shear rate in Eq.
8, the apparent viscosity will be effective viscosity. The
effective viscosity is accordingly defined as

le5K0
8V

D

� �n021

(10)

The apparent viscosity calculated from Eq. 10 is the
experimental viscosity of microbubbles obtained in this study
from the pressure drop in capillary tubes.

In this study, the model proposed to predict the viscosity
of microbubble suspensions in capillary tubes is started from
Poiseuille’s formula34:

DP

qcV2
5

16

Rec

L

R

� �
(11)

where qc is the continuous phase density. Poiseuille’s for-
mula has been defined for fully developed laminar flow with
a parabolic velocity profile. It has been suggested that the
pressure drop in capillary tubes for single phase liquids is
higher than the value predicted by Poiseuille’s formula.34

There are two main reasons for this difference in the pres-
sure drop of a single phase flow in capillary tubes and the
predicted value of Poiseuille’s formula. First, in the initial
part of the flow, the profile is changing from a near-uniform
distribution to a parabolic velocity distribution. This will
cause an additional pressure drop compared to Poiseuille’s
formula. Second, the acceleration at the center of the tube in
the initial region of the flow causes a radial velocity which
leads to a radial pressure drop. This additional pressure drop
will result in an underestimation of Poiseuille’s formula.
Several investigators have tried to solve the underestimation
of Poiseuille’s formula, analytically, by simplified
mathematics.35,36

Langhaar35 proposed a modified equation for Rec ! 1.
This equation was achieved by linearizing Navier–Stokes
equations. The proposed equation is as follows

DP

qcV2
5

16

Rec

L

R

� �
12m (12)

where m is experimentally determined. Other investigators
have applied numerical solutions to solve the problem.37–41

All of the solutions present m in Eq. 12 as a function of Rec.
Therefore, Eq. 12 can be written as

DP

qcV2
5

16

Rec

L

R

� �
1m Recð Þ (13)

Kestin et al.34 provided a correlation for m. Their study
was done for 0.5<Rec< 100. They concluded that their cor-
relation could also be applied to Rec> 100, as the values of
their correlation in Rec exceeding 100 were close to values
presented by Langhaar.35 They correlated m as

m5m01
8n

Rec

(14)

m0 and n are constants, which need to be found experi-
mentally. To reach the viscosity, they introduced the pro-
posed equation (Eq. 14) into Eq. 13, which resulted in
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la5
pR4qc

8 L1nRð Þ
DP

_m
2

m0 _m

qcp2R4

� �
(15)

Equation 15 uses a virtual length instead of the actual
tube length. The virtual length ðL05L1nRÞ corrects Pois-
euille’s formula, creating a better prediction of capillary tube
pressure drop and viscosity. In their study, m0 and n were
found, theoretically, to be 1.17 and 0.69, respectively.

It has been found by Kestin et al.34 that the behavior of
fluids in capillary tubes is sensitive to the inlet conditions.
The inlet conditions include both the shape of the tube at the
entrance and the size of the injection reservoir, compared to
the capillary diameter. In this study, in order to eliminate the
effect of the injection reservoir size, the plexiglass chambers
used to inject microbubbles into the tube were chosen to be
considerably larger than the tube diameter. Furthermore, cap-
illary tubes were square-cut at the entrance, so as to have a
sharp inlet for the flow.

In this study, Eq. 15 was tried to predict the viscosity of
microbubble suspensions. It was found that Eq. 15 was capa-
ble of predicting microbubble viscosities in a constant bub-
ble void fraction by changing the coefficients (m0 and n).
However, when the bubble fraction was changed, Eq. 15 was
unable to predict microbubble viscosities. Therefore, L0 was
modified in order to obtain a better prediction. In this study,
L0, which was defined as L 1 nR in Eq. 15, was modified for
different bubble void fractions as follows

L05 L1nRð Þ /
/r

� �x

(16)

where x is a constant that is found experimentally and /r is
the reference gas void fraction, which is the bubble percent-
age in which m0 and n are determined. Thus, Eq. 15 was
modified to

la5
pR4qc

8 L1nRð Þ /
/r

� �x

DP

_m
2

m0 _m

qcp2R4

� �
(17)

Parameters m0, n, and x need to be found through an opti-
mization process. To find these parameters, the data from a
constant bubble fraction (/r) were used to reach the parame-
ters in Eq. 15 (m0 and n). After obtaining m0 and n, the data
from different gas void fractions were applied to Eq. 17 in
order to reach x. To perform optimization, half of the data
was selected randomly. After finding the parameters, the
other half of the data was used to verify the model with the
fitting parameters.

In the introduced correlation (Eq. 17), viscosities of
microbubbles can be predicted using their bubble void frac-
tion. As mentioned before, although the value of viscosity
changes with tube conditions, the rheological behavior of
microbubbles is dependent on the bubble void fraction. In
other words, n0 only depends on bubble void fraction. There-
fore, in Eq. 9, which is used to calculate experimental vis-
cosity, the effect of bubble void fraction is presented by n0.
To accomodate the effect of the bubble void fraction on their
apparent viscosity in the proposed equation (Eq. 17), the
modification introduced in Eq. 16 ðð//r

ÞxÞ was implemented.

Results and Discussion

The calculated n0 from Eq. 7 represents the flow behavior
index, which demonstrates the rheological behavior of

microbubbles. In Figures 6–8, la vs. 8V/D are shown in Ln-
Ln plots. Figures 6 and 7 show the plots of different tube
diameters and lengths, respectively. Figure 8 presents the
lines of different bubble void fractions. According to Eq. 9,

Figure 6. Apparent viscosity vs. apparent shear rate for
different tube diameters, constant tube
length, and constant bubble void fraction
(/ 5 4.9%).

Figure 7. Apparent viscosity vs. apparent shear rate for
different tube length, constant tube diameter,
and constant bubble void fraction (/ 5 4.9%).

Figure 8. Apparent viscosity vs. apparent shear rate for
different bubble void fractions, constant tube
diameter and length (D 5 1.04 mm and
L 5 1.22 m).
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the slopes of the lines show (n02 1) for each series of data.
Therefore, lines with the same slopes are representing sus-
pensions with similar rheological behavior. The higher the
absolute value of the slopes of the lines is from zero, the
more the suspensions deviate from Newtonian behavior.

In Figures 6 and 7, although the value of the viscosity
changes for different tube diameters and lengths, the slopes
of the lines are constant (20.30). This is due to a constant
bubble void fraction in suspensions. However, in Figure 8,
the slope of the line changes for different bubble void frac-
tions (20.27 to 20.37). This suggests that tube conditions
may affect viscosity, but the rheological behavior is deter-
mined by the percentage of bubbles in the suspension.

The results for the relative viscosities of microbubbles in
different tube diameters and lengths are shown in Figures 9
and 10. Moreover, the results for different bubble void frac-
tions can be found in Figure 11.

Figures 9–11 illustrate the relationship of viscosity and
Rec. When Rec increases, the viscosity of microbubbles
decreases. The viscosity decreases until it reaches a constant
value. Increasing Rec after this point results in a constant
viscosity of microbubbles. This represents the non-
Newtonian behavior of microbubbles in the capillary tubes.
It is known12,13 that small bubbles (<0.6 mm) start to con-
centrate close to the tube walls upon their entrance into a
tube. This causes the void profile of the gas to demonstrate

two maximas close to the tube walls and a constant value at
the center of the tube. By increasing Rec, the bubble distribu-
tion becomes more uniform in the center of the tube and the
two maximums close to walls start to diminish. As men-
tioned by Valukina et al.12 for increased values of Rec, the
friction factor in tubes is decreased. A decrease in the fric-
tion factor leads to a lower viscosity of the suspension and a
lower pressure drop across the tube. In Figure 9, a decrease
in viscosity with the decrease in tube diameters is observed.
This was also caused by a different bubble orientation on the
cross section of the tube. Smaller tube diameters lead to
more uniform void distributions in a constant bubble concen-
tration, which causes less pressure drop across the tube and
smaller viscosity values.

Figure 10 represents the effect of tube length on the vis-
cosity of microbubbles. Smaller viscosities are observed in
longer tubes. According to Kestin et al.34 in capillary tube
viscometry, there is an additional pressure drop caused by
the developing region at the beginning of the flow. In this
work, the effect on the viscosity of microbubbles was more
pronounced than in single phase flow. The pronounced effect
was caused by the disturbance of the developing region of
bubble distribution, which was present in addition to the
velocity profile developing region of the continuous phase.
As the length of the tube increased, the additional pressure
drop caused by the developing regions got smaller, compared

Figure 9. Experimental data results for microbubble
viscosity in different tube diameters and
constant tube lengths and void fraction
(/ 5 4.9%).

Figure 10. Experimental data results for microbubble
viscosity in different tube lengths and con-
stant tube diameters and void fraction
(/ 5 4.9%).

Figure 11. Experimental data results for microbubble
viscosity in different bubble void fractions
and constant tube diameters and lengths
(D 5 1.04 mm and L 5 1.22 m).

Figure 12. Experimental results for microbubble vis-
cosity in different bubble size distributions
with a constant bubble void fraction (Tube:
D 5 1.04 mm, L 5 1.22 m, and / 5 6.4%).
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to the overall pressure drop. Thus, the calculated viscosity
decreased as the tube length increased.

Figure 11 illustrates the effect of bubble void fraction on
the viscosity of suspensions. As the fraction of the bubbles
increased the viscosity increased. It has been reported that
an increase in bubble void fraction increases the wall friction
factor.16 An increase in friction factor results in the increase
of viscosity, which eventually leads to the increase in pres-
sure drop of suspensions in capillary tubes.

Beside the bubble void fraction, the effect of bubble size
distribution on the viscosity of the suspension was taken into
consideration. To study the effect of size distribution, the
viscosities of suspensions were measured in different bubble
size distributions while keeping the quality of the suspen-
sions constant. The pictures of suspensions and bubble size
distributions have been shown in Figures 4 and 5.

The viscosities of different bubble size distributions have
been measured in identical tubes to eliminate all of the
affecting parameters except bubble size distribution. The vis-
cosity results are shown in Figure 12. The results illustrate
similar viscosity values for different bubble size distributions
in constant Rec numbers. This represents the independency
of suspensions’ viscosities from bubble size distribution. As
previously reported by Chernyshev,16 it is expected to have
independency of suspensions’ flow behavior from bubble
size distribution in small bubble size ranges (<0.5 mm). The
results in this study confirm the finding previously reported
by Chernyshev.16

Power law has been applied to represent non-Newtonian
behavior of microbubbles.17 In this study, power law’s capa-
bility in explaining apparent viscosity of microbubbles in
capillary tubes has been evaluated. Power law relates wall
shear stress and apparent shear rate as Eq. 2. In other words,
one can write

sw5K0 _ca
n0 (18)

The apparent viscosity from power law is calculated as

la5
4n0

3n011
K0 _ca

n021 (19)

The ability of Eq. 19 in predicting apparent viscosity
depends on its success in having the best regressed n0 and K0

for different conditions to relate wall shear stress and appa-

rent shear rate. Figure 13 represents microbubbles’ wall
shear stress vs. apparent shear rate in a log–log plot.

The linear line drawn in Figure 13 presents the power law
relation between wall shear stress and apparent shear rate
based on the best regressed values of n0 and K0 in Eq. 18 as
follows

sw50:049 _ca
0:76 (20)

Consequently, the apparent viscosity is

la50:046 _ca
0:24 (21)

It is found that the absolute average relative deviation
(AARD) of the data from the proposed power law equation
is 16.1%. Thus, it is concluded that power law is not capable
of predicting microbubbles’ behavior in capillary tubes under
different conditions. The deficiency of power law in predict-
ing microbubbles’ behavior is mainly related to the change
in rheological properties of microbubbles of different void
fractions. Therefore, it is essential to have an equation that
can predict microbubbles’ viscosity in different conditions,
especially different bubble void fractions.

Equation 17 was used to obtain the experimental relative
viscosity data. In this work, m0, n, and x were found to be
equal to 1.25, 207.1, and 0.024, respectively. Compared to
single phase studies performed by previous investigators, m0

Figure 13. Wall shear stress vs. apparent shear rate for
different bubble void fractions and different
tube conditions at 4.9% bubble void
fraction.

Figure 14. Experimental data vs. proposed correlation
results for different tube diameters at a
constant tube length and bubble void frac-
tion (/ 5 4.9%).

Figure 15. Experimental data vs. proposed correlation
results for different tube lengths at a con-
stant tube diameter and bubble void frac-
tion (/ 5 4.9%).
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is in the same order. However, n, which defines the virtual
length, has increased considerably. This is due to the pres-
ence of microbubbles, which causes a higher pressure drop
as compared to a single phase fluid. This has caused the vir-
tual length to be higher than in single phase studies in order
to represent the extra pressure drop.

Figures 14–16 show the comparison between the experi-
mental relative viscosity and the relative viscosity results
from the proposed correlation. The reason for using relative
viscosity in comparing the experimental and correlated
results is to see the effect of bubbles on the viscosity of the
suspension. In other words, the ability of the correlation in
predicting the bubble effects on suspension’s viscosity is
shown in Figures 14–16; this illustrates that the proposed
correlation is capable of predicting the relative viscosity of
microbubbles in tubes of different diameters (Figure 14:
D 5 0.47, 1.04, and 1.37 mm, L 5 1.22 m, / 5 4.9%) and
different lengths (Figure 15: L 5 0.75, 1.00, and 1.22 m,
D 5 1.04 mm, / 5 4.9%) and different bubble void fractions
(Figure 16: / 5 3.4, 4.9, 6.4, and 7.8%) in the range of
Rec< 50, with AARD under 1.3%. The maximum deviation
between the experimental data and the proposed correlation
results was equal to 2.6%.

Conclusions

In this study, experiments were conducted to determine
microbubble viscosity in capillary tubes. The viscosity of
microbubbles was measured in three different tube sizes and
lengths. Moreover, viscosities in different bubble void frac-
tions and with different bubble size distributions were
investigated.

The microbubbles presented non-Newtonian behavior.
When Rec was increased, the viscosity of microbubbles
decreased. The viscosity decreased until it reached a constant
value. Increasing Rec after this point resulted in a constant
viscosity of microbubbles.

The viscosity of microbubbles decreased as the tube diam-
eter decreased and the tube length increased. This reduction
in viscosity was due to different bubble orientations in the
cross section of the tube. Furthermore, the viscosities of the
suspensions increased with an increase in the bubble void
fraction. The increase in viscosity because of an increase in
the void fraction of bubbles coincides with a change in the
flow behavior index (n0). However, the change in the viscos-

ities of microbubbles due to a change in capillary tube
length and diameter did not affect the flow behavior index.
These results showed that although tube conditions change
viscosity values, they do not affect the rheological behavior
of suspensions. The only parameter that affects the flow
behavior index is the void fraction of bubbles. The effect of
bubble size distribution was also investigated. It was found
that, in the bubble size range of 1–12 mm, the size distribu-
tion of bubbles did not influence the viscosity of
suspensions.

It was found that the power law was unable to predict the
microbubbles’ behavior in capillary tubes with different bub-
ble void fractions. Therefore, data obtained from experiments
were used to develop a correlation to predict the viscosity of
microbubbles flowing through capillary tubes. A good agree-
ment between experimental viscosity data and correlated
results was obtained. The developed correlation is capable of
predicting microbubble viscosity in the range of Rec< 50.
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Notation

AARD = absolute average relative deviation
a = bubble radius, mm

Ca = capillary number, dimensionless
D = capillary diameter, cm
K0 = consistency constant, poise s12n0

L = capillary length, m
m = constant

m0 = constant
_m = mass flow rate, g/s
n = constant, dimensionless
n0 = flow index, dimensionless
R = capillary radius, cm

Rec = continuous phase reynolds number, dimensionless
V = average fluid velocity, cm/s
x = constant, dimensionless

DP = pressure drop along the capillary tube, Pa
qc = continuous phase density, g/cm3

ma = apparent viscosity, Pa s
mc = continuous phase viscosity, Pa s
me = effective viscosity, Pa s

mr (ma/mc) = relative viscosity, dimensionless
/ = bubble void fraction, dimensionless
/r = reference bubble void fraction, dimensionless
r = interfacial tension, mN/m

sw = wall shear stress, Pa
_cw = wall shear rate, s21

_ca = apparent shear rate, s21
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