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Abstract Experiments in a parallel band apparatus and a

transparent concentric cylinder device allow the observa-

tion of bubble deformation (shape and orientation) and

breakup as a function of the viscosity ratio k and the

Capillary number Ca. For viscosity ratios between

3.1 9 10-7 and 6.7 9 10-8, critical Capillary numbers

Cac for bubble breakup between 29 and 45 are found. It is

furthermore shown that in the given parameter space no

clear distinction between tip breakup and fracture can be

made for bubbles.

List of symbols

B minor axis (m)

Ca Capillary number

Cac critical Capillary number

D deformation

g gravity constant (m s-2)

_c shear rate (s-1)

gdisp disperse phase viscosity (Pa s)

gcont continuous phase viscosity (Pa s)

L major axis (m)

k viscosity ratio

r radius (m)

rB, orbit radius of bubble orbit (m)

Ri radius of inner cylinder (m)

Ro radius of outer cylinder (m)

Re Reynolds number

q density (kg m-3)

r interfacial tension (N m-1)

H rotation angle (�)

vSt Stokes velocity (m s-1)

x angular velocity (s-1)

xB bubble diameter (m)

1 Introduction

The deformation and breakup of bubbles in a surrounding

fluid is an important unit operation in foaming processes.

To design foaming processes that allow tailor-made foams

to be produced there is considerable interest to study the

mechanics of bubble breakup and flow (Müller-Fischer

et al. 2007a, b). In foaming processes bubbles are subjected

to flow stresses such as viscous friction (shear and elon-

gation) or inertia stresses (turbulent flow). Depending on

the strength of applied stresses, deformation and eventually

break up into smaller bubbles occurs. In most cases,

research focuses on bubble breakup in turbulent flow and

on bubble break-up for Re ? ?. Excellent overviews to

the area are available (e.g. Lasheras et al. 2002; Risso and

Fabre 1998; Revuelta et al. 2006; Rodrı́guez-Rodrı́guez

et al. 2006; Gordillo and Perez-Saborid 2006). On the other

hand, research on single bubble mechanics is rare. Studies

by Canedo et al. (1993) and Rust and Manga (2002) were

focused on bubble deformation, whereas reports on single

bubble breakup in simple shearing flow have not been

reported. In particular, no data on critical deformations

exist for the boundary conditions applied in this work, i.e.
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laminar flow and low Re-numbers. In contrast to this, the

correlation of deformation and breakup of single droplets

to the external flow conditions has been widely studied

(e.g. Acrivos 1983; Grace 1982; Rallison 1984; Stone

1994). A considerable drawback of this situation is that

models for single bubble mechanics do not exist and, thus,

models for droplet mechanics are used instead to describe

bubble mechanics. As we will show later, this approach is

justified for bubble deformation but fails in case of bubble

breakup based on our investigation. In the following we

therefore will briefly review droplet deformation models

assuming that certain cross correlation can be made.

A spherical aggregate with deformable interface such as

a droplet or bubble placed in steady simple shear flow at

low Reynolds number deforms with a time-dependent

shape and orients until it reaches a steady deformation or

breaks up into smaller aggregates. The steady state shape

and orientation depends on (1) the ratio of the viscosity k of

the dispersed media relative to the surrounding fluid, (2)

the Capillary number Ca, and (3), if present, the concen-

tration of surfactant determining the interfacial tension. Ca

is the ratio of shear stresses generated in the flow that

deform the droplet or bubble and interfacial tension-related

stresses represented by the Laplace pressure that tend to

keep the spherical shape. The force balance of stresses

generated in a flow field that deform a droplet and inter-

facial tension stresses that resist the deformation is given

by

Ca ¼ gcont _cxB

2r
: ð1Þ

Here gcont is the viscosity of the continuous phase, _c the

shear rate, xB the droplet diameter, and r the surface

tension.

At low deformations, the deformed droplet has an

ellipsoidal shape. In a two-dimensional approach assuming

an axisymmetric droplet shape, its major axis L and its

minor axis B as well as the rotation angle versus the

principal axis of flow h define the droplet shape in flow.

Figure 1 shows a schematic drawing of an initial, spherical

droplet and a deformed, ellipsoidal droplet. The deforma-

tion parameter D first introduced by Taylor (1934) can be

used to characterize the degree of deformation for modest

shape changes:

D ¼ L� B

Lþ B
: ð2Þ

D is 0 for a sphere and asymptotically approaches unity for

higher deformed, long and slender bodies. The experimental

results by Canedo et al. (1993) justify the utilization of the

droplet deformation models for description of bubble

deformation. For small deformations, D B 0.3, the steady-

state geometry of a bubble can be described using Taylor

theory that originally was derived for droplet deformation

(Taylor 1934):

D ¼ Ca
19kþ 16

16kþ 16
; ð3Þ

where k is the ratio of the disperse phase viscosity to the

continuous phase viscosity. For Ca � 1 and k � 1, the

droplet is nearly spherical

Ca ffi D: ð4Þ

For highly deformed aggregates, where the shape deviates

strongly from an ideal ellipsoid, the dimensionless length

L/xB, obtained by dividing the longer axis of the deformed

body L by the original radius xB is an appropriate measure

of deformation (Bentley and Leal 1986). At deformations,

L � xB, droplets or bubbles are elongated with pointed

ends. Using slender body theory and assuming droplets to

be circular in cross section, Hinch and Acrivos (1980)

predict for Ca � 1, k � 1 and Re � 1:

L

xB

ffi 3:45Ca0:5: ð5Þ

Associated with the deformation of a deformable aggregate

under shear, there is an orientation process which makes

the deformed droplet or bubble reach an angle h with

respect to the flow direction. This angle is by definition 45�
at rest and decreases with increasing applied shear-rate as

the aggregate becomes aligned with the flow direction

more and more. This flow-induced orientation depends on

the Capillary number and was first expressed as a linear

relationship (see Cerf 1951; Chaffey and Brenner 1967).

From experimental observation, it has however become

clear that h does not depend linearly on Ca when the shear-

rate increases. Hence, a non-linear description must be

used. Cox (1969) published his theoretical analysis for

orientation under shear flow which follows as:

xB

x

y

L B

θ

a b

Fig. 1 Parameters describing droplet and bubble deformation: xB

droplet or bubble diameter, L major axis, B minor axis, h rotation

angle. a Initial, undeformed droplet or bubble shape and b deformed

droplet or bubble
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h ¼ p
4
� 1

2
arctan

19kCa

20

� �
: ð6Þ

In this case, the viscosity ratio between suspended media

and continuous phase is taken into account. Hinch and

Acrivos (1980) proposed a model for high Capillary

numbers in systems in which the disperse phase has low

viscosity compared to that of the suspending liquid:

h ¼ arctan ð0:359Ca�0:75Þ: ð7Þ

The phenomenological model of Maffetone and Minale

(1999) assumes ellipsoidal aggregate form and describes

the orientation as:

h ¼ 1

2
arctan

f1
Ca

� �
; ð8Þ

where f1 is given by:

f1 ¼
40ðkþ 1Þ

ð2kþ 3Þð19kþ 16Þ: ð9Þ

Experimental work on droplets using Eqs. 6 and 7 showed

good agreement between theory and experiments for rela-

tively large deformations (Canedo et al. 1993; Rust and

Manga 2002). However, the Cox equation (Eq. 6) fails to

predict experimental trends of h for k B 1. The most

appropriate range of applicability of the Cox theory is for k
� 1, where good agreement has been found with experi-

mental data. All above mentioned theories for droplet

mechanics (Eqs. 2–10) have been widely explored both

experimentally (Cox 1969; Taylor 1934; Bentley and Leal

1986; Grace 1982; Guido and Greco 2001; Guido and

Villone 1998; Guido et al. 1999; Torza et al. 1972) and in

numerical calculations (Pozrikidis 1993; Rallison 1981).

For reviews on droplet mechanics see also the overview

articles by Stone (1994) or Fischer and Erni (2007) and

references therein.

The only fairly recent investigations of bubble behavior

under simple shear were published by Canedo et al. (1993)

and Rust and Manga (2002). Rust and Manga reached

bubble deformations D of 0.94 corresponding to L/xB = 32

but did not reach bubble breakup neither during shearing

nor during relaxation. Their experiments comprised shape

data for bubbles for 0.02 \ Ca \ 7.1 reaching both sphe-

roidal and slender body model regimes described by Eqs. 4

and 5, respectively, as well as the transition between small

and large deformation limits. Their data agreed well with

Eq. 4 for values of k ? 0 and Re � 1 up to Ca B 0.5 and

with Eq. 5 for Ca [ 1 and values of k � 1 and Re � 1.

Canedo et al. (1993) measured experimentally the defor-

mation of air bubbles suspended in polybutene oil in a

concentric cylinder device applying simple shear flow

conditions. They found that bubble cross-sections are

elliptical and suggested that deformations as a function of

Ca are slightly less than predicted by Eq. 5. Their data for

3 \ Ca \ 50 were well described by

L

xB

¼ 3:1Ca0:43: ð10Þ

As in bubble deformation, we can describe bubble breakup

in laminar flow at low Reynolds numbers by drawing

similarities to droplet breakup. A droplet is unable to

maintain a steady shape as soon as flow-induced stresses

exceed the interfacial tension stress. Consequently, the

droplet undergoes a transient, continuous stretching which

eventually results in droplet breakup. The critical Capillary

number Cac is defined as the point where no stable droplet

or bubble shape exists because a critical stress exceeds the

stabilizing interfacial tension r and leads to breakup. The

critical Capillary number depends on the type of flow

(simple shear flow, mixed shear-elongational flow, pure

extensional flow) and the viscosity ratio k of disperse to

continuous phase. Ca is, thus, commonly plotted as a

function of k. Depending on the chosen parameters, gen-

eration of equally sized daughter drops with and without

satellite droplets, tip streaming, and droplet rupture may

occur (e.g. Stone et al. 1986). The experimental results on

droplet breakup were summarized by Grace (1982) for

viscosity ratios between 10-6 B k B 103.

Droplet mechanics in the low viscosity ratio regime that

is typical for bubbles requires high Capillary numbers to

burst and to attain steady slender shapes at very large,

under-critical deformations. The lower the viscosity ratio,

the greater the sustainable deformation and consequently

the higher the critical Capillary number. For such defor-

mations, droplets and bubbles deviate from ellipsoidal

shape considerably and develop pointed ends. Tip

streaming in simple shear flows is a mode of droplet

breakup in which the droplet develops a sigmoidal shape

and a stream of tiny droplets is ruptured off the pointed

ends/tips of the drop. Tip streaming is observed at under-

critical Capillary number for drops (Grace 1982; Taylor

1934). De Brujin (1993) found that tip streaming only

occurs if the viscosity ratio is smaller than unity and if

interfacial tension gradients can develop, i.e. in the pres-

ence of surfactants or impurities in the fluid.

2 Materials and methods

2.1 Materials

The basic modeling assumptions that should be closely

followed in experimental studies are: steady creeping flow

with negligible inertia effects, incompressible Newtonian

fluids, no buoyancy effects (i.e. no body forces), no wall

effects (i.e. unbounded suspending flow-field), and no heat
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or mass transfer (isothermal conditions). For bubbles, the

boundary conditions of incompressibility and no buoyancy

can not be fulfilled. Due to the large density difference

between air bubble and continuous fluid phase, we there-

fore selected only highly-viscous materials as the

continuous fluid phase. Consequently, the corresponding

low viscosity ratios k between 10-6 and 10-7 determines

the rising velocity of bubbles to be sufficiently slow for

steady state experiments. The rising velocity or Stokes

velocity is computed as:

vSt ¼
1

18
� gDqx2

B

gcont

; ð11Þ

where g denotes the gravity acceleration and Dq the density

difference between gas bubble and surrounding continuous

phase.

Glucose syrups of different viscosities (C*BioSweet

11160, BC*Sweet 01175, C*BioSweet 11144, Blattmann

Cerestar, Switzerland) and silicone oils (AK 60000, AK

100000, AK 300000, Wacker-Chemie, Germany) were

used as continuous phase. Table 1 shows the viscosity,

density, surface tension, and rising velocity resulting for a

bubble of diameter 2 mm in glucose syrups and silicone

oils, respectively. The disperse phase was air and no

emulsifier was added to the continuous phase.

The Newtonian flow behavior of glucose syrups and

silicone oils as well as temperature dependent viscosities

were obtained by a rotational rheometer (Anton Paar

Physica MCR 300, Austria). Surface tension measurements

were carried out at 18�C using the drop detachment method

for the glucose syrups. The density of the glucose syrup

needed for the surface tension measurements was deter-

mined with a density meter using the oscillating U-tube

method (Anton Paar DMA-38, Austria). The values for the

surface tension and density for silicone oils are provided by

the manufacturer.

2.2 Parallel band apparatus

To investigate deformations and bubble break-up in simple

shear, two experimental devices were used: the parallel

band apparatus and a transparent Couette flow cell. The

parallel band apparatus (see Fig. 2) consists of two metal

bands that run around several rolls inside a container of

30 cm in length, 18 cm in width and 6 cm in depth.

Metallic bands of 3.3 cm width were used, tightened with

springs to avoid bending effects. The motion of the ribbons

was controlled independently by two motors using a

computer-control scheme based on direct image analysis of

the bubble and PID-controlled motor adjustment (Birkhofer

et al. 2005) which continuously adapts the flow parameters

in order to keep the observed bubble at the requested

position for indefinite times. Steady-state deformation of

sheared bubbles can be observed accurately. The bubble

behavior was recorded with a CCD camera (Sony DFW-

V500, Japan) placed in azimuthal position (x-y plane of

bubble as depicted in Fig. 1). The diameter of the unde-

formed bubble and the major and minor axes of the sheared

bubble were determined by evaluating the images using

image J (Version 1.35n, National Institutes of Health,

USA). The pixel-millimeter conversion factor was deter-

mined via the known band distance. Temperature of 18�C

was controlled via the double-walled base plate of the

container cooled via a water-circulating bath. The shear-

rate of 1.8–17.4 s-1 is set as the ratio between the relative

speed of the bands and the gap between them, which is set

to 9.76 mm for all experiments. The velocity gradient

developed in the parallel band apparatus is linear and

laminar. Air bubbles were placed between the two bands

using a syringe. The radius of xB B 2.75 mm of the

undeformed bubbles is chosen in order to avoid edge

effects, i.e. bound flow conditions. A schematic drawing of

the shear cell, computer control mechanism, and the entire

setup can be found elsewhere (Birkhofer et al. 2005).

2.3 Transparent concentric cylinder device

A transparent concentric cylinder device is used (see Fig. 3)

to extend the shear rate regime of the parallel band appa-

ratus and to achieve in combination with highly-viscous

silicone oil bubble breakup. In the present version of the

device only the inner cylinder rotates and as a result, the

bubbles revolve around the cylinder axis. The advantages of

the transparent concentric cylinder device compared to the

Table 1 Viscosity, density,

surface tension, and rising

velocity for Re\ 0.25 (Eq. 11)

of air bubbles

Values are reported for 18�C

(glucose syrups) and 25�C

(silicone oils), and bubble

diameter of 2 mm

Continuous phase Viscosity

(Pa s)

Density

(kg m-3)

Surface tension

(mN m-1)

Rising velocity

(mm s-1)

Glucose syrup 11160 28.6 1,409 80.74 0.11

Glucose syrup 01175 97.3 1,412 80.64 0.03

Glucose syrup 11144 141.4 1,423 80.69 0.02

AK 60000 58.2 970 21.5 0.04

AK 100000 97 970 21.5 0.02

AK 300000 290 970 21.5 0.007
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band apparatus are, in particular, higher achievable Capil-

lary numbers even though gap width is larger and fixed

(higher shear rate, four times lower surface tension of sili-

cone oil).

The device was composed of an inner cylinder made of

Polyvinylchlorid (PVC) with diameter 117.5 mm and

height 250.0 mm, an outer cylinder made of plexiglass

with inner diameter 141.0 mm and height 300.0 mm, an

injection port with a silicone-sealing allowing the intro-

duction of air bubbles into the gap, two CCD cameras

(DFW-V500, Sony), and illumination setup. The shear

rate _c ¼ 1:8� 52:1 s�1 was computed according to DIN

(1976) as:

_cðrÞ ¼ 1

r2
B; orbit

� 2R2
i R2

o

ðR2
o � R2

i Þ
� x: ð12Þ

To place a bubble into the gap, a syringe is inserted into the

gap through the injection port at the bottom of the gap. One

CCD-camera looks sidewards onto the plexiglass-cylinder

and captures movies of bubble size and break-up. The

second camera is placed below the transparent concentric

cylinder to assess the position of the bubble in the gap.

Pictures of the undeformed bubble plus a ruler are taken to

determine the bubble size using image J. The rotational

speed of the inner cylinder is step-wise increased with long

waiting periods until break-up occurs.

Fig. 2 Diagram of the shear

cell (top view) (Birkhofer et al.

2005)

1

1 inner cylinder
2 outer cylinder
3 slide-bearing
4 ball-bearing
5 injection port
6 syringe

2

3

56
4

R  = 117.5 mmi

R  = 141.0 mmo

250 m
m

300 m
m

R  i

Ro

r

ω

r        = R  + (R  -R )/2i io

cross-section

B, orbit

B, orbit

Fig. 3 Illustration of the

transparent concentric cylinder

device: side view and cross-
section
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3 Results and discussion

3.1 Bubble deformation in parallel band apparatus

Figure 4 shows the typical development of bubble defor-

mation in simple shear in the parallel band apparatus. As

soon as shearing is started, the spherical bubble undergoes a

transient shear deformation. The bubble changes from

spherical via ellipsoidal to sigmoidal with pointed ends

(frames 1–5). At the same time, the major bubble axis aligns

more and more with the flow direction (0� \ h\ 45�).

Maximum deformation and alignment represent the steady

shear state (frame 5). Upon stopping the shear bands, bub-

bles relaxed from the sigmoidal shape back to ellipsoids and

spheres again (frames 6–9). During relaxation, the bubble

angle again approaches 45�. The relaxation process is

approximately inverse to the deformation process.

Steady-state maximum deformation and alignment at

different Capillary numbers in simple shear flow are

summarized in Fig. 5. With increasing Capillary number

the deformation increases while the orientation angle

approaches 0� for very high shear stresses. In this case, the

sigmoidal form as well as the pointed ends of the bubbles

become more and more pronounced.

The determined steady deformations D of the bubbles as

a function of Ca are plotted in Fig. 6a. Here data from

experiments with bubbles of different diameter (0.86 mm

B xB B 2.75 mm) subjected to shear rates between 3.5 and

17.4 s-1 obtained with glucose syrups of viscosities from

28.6 to 141.4 Pa s and resulting in viscosity ratios between

6.4 and 1.3 9 10-7 are combined to examine relationships

between bubble geometry and Capillary number. The

deformation parameter D scales proportionally to Ca for

Ca \ 1 and then asymptotically approaches a value of 0.89

for increasing Capillary number. These results are com-

pared to data from literature and to models. In Fig. 6a the

deformation parameter D measured by Rust and Manga

Fig. 4 Air bubble deformation

(frames 1–5) and relaxation

(frames 5–9) in simple shear

flow as a function of elapsed

time (parallel band apparatus,

glucose syrup C*BioSweet

11160, k = 6.0 9 10-7, _c ¼
10:5 s�1; scale in frame 1)

D = 0
Ca = 0
λ = 6.393·10-7

D = 0.11
Ca = 0.34
λ = 6.393·10-7

D = 0.37
Ca = 0.96
λ = 6.393·10-7

D = 0.58
Ca = 1.63
λ = 6.393·10-7

D = 0.76
Ca = 3.19
λ = 1.292·10-7

D = 0.8
Ca = 5.35
λ = 1.292·10-7

D = 0.89
Ca = 38.52
λ = 1.292·10-7

flow direction

1 mm

Fig. 5 Maximum steady-state bubble deformation D = (L-B)/

(L + B) and orientation at different Capillary numbers
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(2002) (data up to Ca = 10) is shown as well as the pre-

diction of the Taylor model. Rust and Manga (2002)

investigated bubble deformation at very low viscosity

ratios of k = O(10-7) up to Ca = 7.1. No breakup was

achieved. In own experiments shown in Fig. 6a, a five-

times higher Capillary number of 38.9 was achieved but

still no bubble breakup occurred. Higher Capillary number

could not be achieved due to (1) limitation in upper shear

rate above which wake formation occurs and (2) limitation

in the control software, i.e. difficulty to keep bubbles in

place via camera-/computer-controlled adaptation in shear

rate for relative band velocities above 0.17 m s-1. Quali-

tatively, the D = f(Ca) functions are similar to results by

Rust and Manga (2002), but absolute values show differ-

ences. In contrast to Rust and Manga’s findings, the slope

of our curve is lower at low Capillary numbers and the

curve deviates from Taylor theory (Ca % D) already for

very low Ca number. In addition, Rust and Manga reached

bubble deformations up to values of 0.94 at Capillary

number of 7.1, whereas we obtained a maximum D-value

of 0.89 at Capillary numbers from approximately 25 to

38.9 (Fig. 6a).

Figure 6b shows the deformation parameter parameter

L/xB valid for high deformations as a function of the

Capillary number. Both models by Hinch and Acrivos

(1980, Eq. 5) and Canedo et al. (1993, Eq. 10) show sim-

ilar trends but overestimate the measured data. On the other

hand, the assumption of Hinch and Acrivos that the bubble

cross-section is circular is most probably not fulfilled at

large bubble deformations. Canedo et al. (1993) demon-

strated the cross-section to be ellipsoidal. They found

similar deviations of model predictions by Hinch and Ac-

rivos from their experiments on bubble deformation in

simple shear obtained in a concentric cylinder shear gap. In

our experiments with the parallel band apparatus, the cross-

section was not observed.

Figure 6c shows the orientation angle h as a function of

the Capillary number Ca. The experimental results are

compared to the slender body theory by Hinch and Acrivos

(1980, Eq. 7), the phenomenological non-equilibrium

thermodynamical model of Maffetone and Minale (1999,

Eq. 8) and data measured by Rust and Manga (2002). The

trends of the curve progression of experimental data and of

the two models are again similar. Bubble orientation

received from experiments in the parallel band apparatus

shows less alignment into the flow direction. This tendency

was expected for the comparison of experimental data to

the model by Maffetone and Minale model since it assumes

the droplets to be of ellipsoidal, prolate form while oblate

bubbles are excluded from this model.

The deviation of the obtained results from data pre-

sented by Rust and Manga (Fig. 6) needs attention. In

particular, the deviation for the deformation parameters D

and L/xB suggests some systematic error in either our work

or the work of others. Possible reasons for systematic errors

are higher curvature effects due to confinement and bound

flow conditions (which over predicts deformation),

λ = 6.393⋅10
λ = 1.878⋅10
λ = 1.292⋅10

-7

-7

-7

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
D

 [
-]

 =
 (

L
-B

)/
(L

+
B

)

Rust and Manga (2002)

Taylor theory λ = 6.393⋅10
-7

Ca  =  D∼

1.0

10.0

λ = 6.393⋅10
λ = 1.878⋅10
λ = 1.292⋅10
Hinch and Acrivos
Canedo et al. 

-7

-7

-7

L
/x

   
[-

]
B

L/x  = 3.45·Ca
0.5∼

L/x  = 3.1·Ca
0.43

B

B

an
gl

e 
θ 

[r
ad

]

experimental

Hinch and Acrivos, 1980

Maffetone and Minale, 1998

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25 30 35 40

Ca [-]

Rust and Manga (2002)

Fig. 6 a Deformation parameter D as a function of the Capillary

number Ca for bubbles in simple shear flow. Own experimental

results, compared to results obtained by Rust and Manga (2002, thick
grey line) and fit to Taylor theory (dotted line). b Deformation

parameter L/xB as a function of the Capillary number Ca for bubbles

in simple shear. Symbols represent measured values, the solid line
represents the model prediction by Hinch and Acrivos (1980), the

dashed line the model for Canedo et al. (1993). c Steady orientation

of bubbles in simple shear flow as a function of the Capillary number

Ca. The line is the theoretical relationship by Hinch and Acrivos

(1980, Eq. 7), the dashed line the model by Maffetone and Minale

(1999, Eq. 8), the thick gray line corresponds to results obtained by

Rust and Manga (2002) and the symbols represent our experimentally

obtained values
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limitation in image analysis (which under estimates the

deformation), the influence of surfactants (which leads to

higher deformation), and limited validity of the used

models. Since literature data are also not consistent and

since we are not in the position to evaluate the role of

surfactants and impurities in previous work, we will only

discuss sources of errors for our results: (1) The optical

resolution of the used CCD camera is limited and, as a

consequence, thin and pointed ends of the deformed bub-

bles might not be captured entirely, (2) the optical contrast

between bubble and continuous phase is not very strong

(see Fig. 5). Both effects lead to an incorrect determination

of the major axis, inaccurate fitting to an ellipsoid, and to

wrong estimation of the deformation parameters D and L/

xB. We consider a systematic error of about 10% which

would lead to comparable results to findings by Rust and

Manga (2002) and Canedo et al. (1993). In future experi-

ments, it is suggested to use high speed cameras equipped

with appropriate magnification lenses as well as improved

illumination. The influence of surfactants or impurities was

tested for all used materials in long term interfacial tension

measurements (detachment experiments) and was consid-

ered to be negligible. Deviations between experimental

data and model prediction for L/xB may additionally be

increased due to the unsolved issue of oblate or prolate

shape of the deformed bubble (see Canedo et al. 1993;

Maffetone and Minale 1999). This subject should be

addressed in future experimental and modeling efforts.

3.2 Bubble breakup in transparent concentric cylinder

device

Bubble breakup was observed in the transparent concentric

cylinder device with three different viscous silicone oils

used as continuous phase. Since the camera was fixed in

place and the bubble revolved around the cylinder axis, the

bubble changed its location from one picture to the next,

moving from right to left. Figures 7 and 8 show pictures of

the entire bubble and of the bubble tip during breakup,

respectively. The deformed bubble (Fig. 7, frame 1) is

close to an ellipsoidal shape with thin pointed ends. Its axis

nearly aligns with the flow direction. The second picture

(frame 2) shows pronounced beginning of tip breakup and

points out the limitations in image capturing: it gives the

impression of an open bubble tip. Additionally, an earlier

broken-off small bubble can be seen on the right hand side

of frame 2. In frame 3, the actual tip break-off is shown: a

small, ellipsoidal daughter bubble has separated from the

mother bubble.

Figure 8 focuses on the tip and the contour of the bubble

during birth of a daughter bubble. The major axis of the

deformed bubble orients into the flow direction of the

sheared continuous phase (frame 1). A thin filament is torn

off (frame 2) which partially relaxes to an ellipsoid after

breakup (frame 3). The observed type of breakup is obvi-

ously a tip breakup, not total fracture. Fracture would

separate the bubble into two or three almost equally sized

bubbles with a few tiny satellite drops in between. These

two breakup mechanisms are clearly distinguishable for

droplets (e.g. de Bruijn 1993; Grace 1982) but no clear

distinction between tip breakup and fracture could be

experimentally found for bubbles. Instead a gradual

increase in size of the daughter bubbles was found.

De Bruijn (1993) closely investigated potential reasons

for tip breakup in the case of emulsions, namely the vis-

cosity ratio and the presence of surfactants. He found that

tip breakup only occurs for viscosity ratios much smaller

than unity and if interfacial tension gradients could

develop, resulting in reduced interfacial tension at the tips.

Tip breakup did not occur at extremely low surfactant

concentration, nor at high levels where drop coverage by

surfactant was guaranteed. In our case, the condition k� 1

is fulfilled, but there is no added surfactant which would

cause an interfacial tension gradient. From our findings, we

conclude that tip breakup occurs preferentially for bubbles

even if there is no surface tension gradient.

Identical to the findings in the parallel band apparatus,

bubble breakup was never observed during bubble

Fig. 7 Air bubble before and

during tip breakup in simple

shear obtained in the transparent

concentric cylinder device (air

bubble in silicone oil AK

100000, viscosity ratio

k = 1.96 9 10-7, Cac = 33.7)
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relaxation in the transparent concentric cylinder device,

either for subcritical or critical Capillary numbers. Upon

stopping the flow, bubbles slowly relaxed to their original

spherical shapes. Rayleigh instabilities were not observed

either. Contrary to what is commonly observed for droplets

(Stone et al. 1986), no bubble breakup was observed during

bubble relaxation.

Figure 9 shows the experimentally found relation

between viscosity ratio k and critical Capillary number Cac

for both air bubble and droplet breakup. Bubble breakup

was reached for different viscosity ratios between

3.09 9 10-7 and 6.67 9 10-8, corresponding to critical

Capillary numbers between 29.1 and 44.7. The critical Ca-

number was found to be higher at lower viscosity ratios, as

expected from published results (Grace 1982) on droplets.

Comparison of the results with literature data can only be

made with publications dealing with droplets, since, to the

best of our knowledge, no results on bubble breakup in this

parameter space (Re \ 0.5, laminar flow) have ever been

published. Data by Grace (1982) in a similar viscosity ratio

domain (down to 10-6) were achieved using low viscosity

drops in a high viscosity surrounding fluid. These data are

depicted in Fig. 9, in addition to the obtained data for

bubble breakup. The critical Capillary numbers found for

bubble breakup are lower than an extrapolation of Grace’s

for droplet fracture would indicate, but higher than an

extrapolation of Grace’s for droplet tip breakup. Results for

bubble breakup achieved in the transparent concentric

cylinder device (Fig. 9) indicate that the highest Capillary

number of 38.9 achieved in parallel band apparatus

experiments (see Fig. 6a) were just in the critical domain

for breakup. Extrapolation of the data shown in Fig. 9

suggests that breakup should have occurred at Cac = 37.8.

Naturally, such an extrapolation can only provide an

approximate value.

4 Conclusion

Experiments in a parallel band apparatus and a transparent

concentric cylinder allowed the observation of bubble

deformation and breakup, respectively. It was shown in

parallel band experiments that bubbles can be deformed

strongly without achieving breakup, that breakup does not

happen during relaxation and that the deformed bubbles

have very thin, pointed ends. Bubble breakup in experi-

ments using the transparent concentric cylinder were

achieved at Capillary numbers Ca in the range of 29–45.

The corresponding viscosity ratios were between 3.1 9

10-7 and 6.7 9 10-8. Such high critical Capillary numbers

explain why very small bubbles can only be achieved at

high shear rates during dispersing, i.e. foaming. Grace

found two different breakup mechanisms for low viscous

droplets: total fracture and tip streaming. Bubble breakup

was found to be different from drop breakup in two distinct

ways: (1) even though a surfactant free system was used,

tip breakup occurred; (2) no clear distinction between tip

breakup and total fracture was found for bubbles. Instead

the size of the detached tip grew with increasing shear rate.

It is of further interest to investigate bubble breakup for

higher viscosity ratios (k = 10-6–10-4). It is certainly also

of interest to go one step further in such fundamental

Fig. 8 Tip breakup in simple shear obtained in the transparent

concentric cylinder device. In each picture, the upper object is the

shadow of the bubble, the lower one the bubble itself. Breakup can be

observed more easily by looking at the shadow due to its 2-D

projection nature (air bubble in silicone oil AK 60000, viscosity ratio

k = 3.09 9 10-7, Cac = 32)
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concentric cylinder device. Data for air bubbles are compared to data
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investigations by introducing surfactant into the system.

This is expected to either accelerate the tip breakup process

dramatically or may directly lead to total bubble fracture.
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review of statistical models for the break-up of an immiscible

fluid immersed into a fully deverloped turbulent flow. Int J

Multiphase Flow 28:247

Maffetone PL, Minale M (1999) Equation of change for ellipsoidal

drops in viscous flow. J Non-Newton Fluid Mech 78:227

Müller-Fischer N, Bleuler H, Windhab EJ (2007a) Dynamically

enhanced membrane foaming. Chem Eng Sci 62:4409

Müller-Fischer N, Suppiger D, Windhab EJ (2007b) Impact of static

pressure and volumetric energy input on the microsctucture of

food foam whipped in a rotor-stator device. J Food Eng 80:306

Pozrikidis C (1993) On the transient motion of orderes suspensions of

liquid drops. J Fluid Mech 264:301

Rallison JM (1981) A numerical study of the deformation and burst of

a viscous drop in general shear flows. J Fluid Mech 109:465

Rallison JM (1984) The deformation of small viscous drops and

bubbles in shear flows. Ann Rev Fluid Mech 16:45

Revuelta A, Rodrı́guez-Rodrı́guez J, Martı́nez-Bazán C (2006)

Bubble break-up in a straining flow at finite Reynolds numbers.

J Fluid Mech 551:175

Risso F, Fabre J (1998) Oscillation and breakup of a bubble immersed

in a turbulent flow. J Fluid Mech 372:323

Rodrı́guez-Rodrı́guez J, Gordillo JM, Martı́nez-Bazán C (2006)

Breakup time and morphology of drops and bubbles in a high-

Reynolds-number flow. J Fluid Mech 548:69

Rust AC, Manga M (2002) Bubble shapes and orientation in low Re

simple shear flow. J Colloid Interface Sci 249:476

Stone HA (1994) Dynamics of drop deformation and breakup in

viscous fluids. Ann Rev Fluid Mech 26:65

Stone HA, Bentley BJ, Leal LG (1986) An experimental study of

transient effects in the breakup of viscous drops. J Fluid Mech

173:131

Taylor GI (1934) The formation of emulsions in definable fields of

flow. Proc R Soc Lond Ser A 146:501

Torza S, Cos RG, Mason SG (1972) Particle motions in sheared

suspensions: XXVII. Transient and steady deformation and burst

of liquid drops. J Colloid Interface Sci 38:395

926 Exp Fluids (2008) 45:917–926

123


	Single bubble deformation and breakup in simple shear flow
	Abstract
	Introduction
	Materials and methods
	Materials
	Parallel band apparatus
	Transparent concentric cylinder device

	Results and discussion
	Bubble deformation in parallel band apparatus
	Bubble breakup in transparent concentric cylinder device

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


