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Abstract. In this paper we report on the gravity-driven transport of rigid
spheres of various sizes through the fluid–fluid interface of a demixed
colloid–polymer mixture. Three consecutive stages can be distinguished: (i) the
sphere approaches the interface by sedimenting through the polymer-rich phase,
(ii) it is subsequently transported to the colloid-rich phase and (iii) it moves away
from the interface. The spheres are covered by a thin wetting film of the colloid-
rich phase, to which they are eventually transported. The ultralow interfacial
tension in these phase-separating mixtures results in very small capillary forces
so that the process takes place in the low Reynolds regime. Moreover, it enables
the investigation of the role of capillary waves in the process. Depending on the
Bond number, the ratio between gravitational force and capillary force acting
on the sphere, different transport configurations are observed. At low Bond
numbers, the drainage transport configuration, with a dominant capillary force,
is encountered. At high Bond numbers, spheres are transported through the
tailing configuration, with a dominant gravitational force. By varying the sphere
diameter, we observe both transport configurations as well as a crossover regime
in a single experimental system.
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1. Introduction

The transport of rigid objects through fluid–fluid interfaces occurs at a wide range of length
scales [1]–[6], ranging from the capture of mineral particles in flotation processes [3] to the
migration of magma slabs through the earth’s crust [5]. The driving force is usually gravity,
but can in principle be any external field. The transport process may be divided into three main
stages: (i) approach of the interface, (ii) transport through the interface and (iii) movement
away from the interface. The transport configuration by which the sphere breaks through the
interface mainly depends on the Bond number Bo = Fg/Fc ∼ 1ρgR3/γ R = 1ρgR2/γ [7],
where 1ρ is the density difference between the sphere and the phase from which it approaches
the interface, R is the radius of the sphere, g is the gravitational constant and γ is the interfacial
tension between the two phases. The Bond number may be viewed as the ratio between
gravitational force Fg and capillary force Fc acting on the sphere. If the sphere density is
higher than the density of both phases, Bo < 1 and Bo > 1 result in the drainage and tailing
transport configurations [7], as illustrated in figure 1. At low Bond numbers, capillary forces
dominate and the drainage configuration is observed. Characteristic for this configuration is a
thinning film of the first phase (with lower density) between the sphere and the interface, which
eventually ruptures, quite similar to droplet coalescence [8, 9]. At high Bond numbers, i.e. a
dominant gravitational force, the transport of the sphere proceeds through the tailing transport
configuration: the interface deforms strongly on approach of the sphere and the sphere leaves a
column or ‘tail’ of material of the first phase behind, which eventually breaks up into droplets.

From the well-known Reynolds number, we can estimate how important the inertial terms
are for these processes compared to viscous dissipation:

Re =
ρuL

η
, (1)

with ρ the mass density, u the velocity of the sphere, L the characteristic length and η the
viscosity. The balance between gravitational and interfacial forces (Bo) determines the type of
transport configuration observed at both low and high Reynolds numbers, although the quasi-
static nature of processes at low Reynolds numbers gives very different dynamics from the
non-equilibrium dynamics for high Reynolds numbers. The transport of objects through
interfaces at high Reynolds numbers has been studied to some extent [6], [10]–[14]. However,
in the low Reynolds limit, the configurations that have been studied are quite limited [15]–[17].
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Drainage

Tailing

Figure 1. Stages of transport through the drainage (Bo < 1) and tailing (Bo > 1)
configurations.

The scenario of low Re, high Bo transport is especially hard to observe. This can be
shown as follows: the characteristic velocity of the interface at low Reynolds numbers is the
capillary velocity uc ≡ γ /η [18]. By substituting u = uc and L = R in equation (1), we obtain
Re = γ R/(η2/ρ). Now for Bo > 1 and Re < 1, we need the gravitational force Fg to be larger
than the capillary force Fc but smaller than the viscous force Fv, i.e. Fv > Fg > Fc, which
in orders of magnitude corresponds to η2/ρ > 1ρgR3 > γ R. As Fg increases with the third
power of the sphere radius, this can prove to be quite demanding, with the added complexity
that high Peclet numbers Pe = (1ρgR4/kT ) > 1, i.e. diffusion is relatively unimportant, are
only obtained for sphere sizes larger than 1 µm. Two possibilities are available to reach the
regime: increasing the viscosity or decreasing the interfacial tension. Manga and Stone [17]
have reported on sphere transport in this regime using molecular systems with high viscosities.
Akers and Belmonte [19] have used a similar approach for a non-Newtonian liquid, which is
beyond the scope of the present work.

Here, we access the low Reynolds regime by using a demixed colloid–polymer system
with an ultralow interfacial tension. Moreover, the addition of very polydisperse rigid spheres
(R = 2–20 µm) allows for the direct study of both low and high Bond number transport within
the same experimental system. The interfacial tension has a magnitude proportional to [20, 21]

γ ∝
kBT

d2
, (2)

with kBT the thermal energy and d the typical length scale at the interface, i.e. the size of
the particle. Owing to a depletion-induced attraction [22, 23], these mixtures phase-separate
into a colloid-poor, polymer-rich phase and a colloid-rich, polymer-poor phase when the
polymer–colloid diameter ratio q > 0.30 [24]. The fluid phases in these colloidal systems
exhibit a close analogy with phases in molecular systems. Hence, the polymer-rich phase is
often referred to as the ‘colloidal gas’ or ‘gas’ phase and, similarly, the colloid-rich phase is
called the ‘colloidal liquid’ or ‘liquid’ phase. Throughout this paper, we will use these terms
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interchangeably. Since colloidal particles have sizes of typically 1–1000 nm, colloidal systems
have much lower interfacial tensions—typically of the order of nN m−1–µN m−1 [25]–[29]—
than molecular systems.

None of the transport studies consider the capillary forces on the particle during transport,
except for studies of spheres attached to a cantilever [30] and studies of sphere tensiometry for
determination of the interfacial tension [31]. The focus of these studies, however, is the capture
of particles by interfaces without describing the full transport phenomenon, as we do here.
Moreover, our system enables us to visualize the break-up of liquid threads that form behind the
sphere at high Bond numbers. In studies so far, spheres reached the bottom of the container they
were settling in before threads could break up [10]–[12, 17]. In addition, the colloid–polymer
system enables the observation of break-up through thermal capillary waves, as we will now
discuss.

A special feature of colloid–polymer mixtures is that the typical length and time scales
important for interfacial phenomena allow for real-space, real-time investigations of thermal
capillary waves [29]. The thermal roughness of the interface is given by

√
〈h2〉 ≈ kBT /γ . The

roughness can be visualized for sufficiently low values of interfacial tension (≈10−7 N m−1),
using laser scanning confocal microscopy (LSCM), as was done previously for droplet
coalescence [8] and the pinching of liquid threads [32]. Here, we investigate the effect of these
thermal interface fluctuations on sphere transport.

This paper is structured as follows. In section 2 we give a theoretical description of rigid
sphere transport through an interface. The experimental system and methods are described in
section 3. We present the low Reynolds number, low Bond number transport of a wettable
rigid sphere through a colloidal gas–liquid interface, where the drainage transport configuration
is observed, in section 4. The tunability of our system is exemplified by the observation of
a crossover regime (section 5), where both capillary and gravitational forces are important
(Bo ∼ 1). The scenario for transport at low Reynolds number and high Bond number through
the tailing transport configuration is described in detail in section 6. Finally, we summarize our
findings in section 7.

2. Sphere transport through interfaces

Consider two liquid phases 1 and 2, see figure 2, with a density difference 1ρ12 = ρ1 − ρ2 and
each with a viscosity ηn, with n = 1 or 2. A sphere with a density difference 1ρrn relative to
phase n and radius R sediments in phase 2 at a Stokes velocity us = 21ρr2gR2/9η2 towards the
interface between the phases. We additionally define z as the gap between the sphere’s front
and the undeformed interface and d as the interfacial deformation. We set heights in phase 2 as
positive.

The sedimentation velocity in phase n results from the equilibrated viscous and
gravitational forces Fv and Fg:

Fv = 6πηn Rus (3)

and

Fg =
4
3π R31ρrng. (4)

For a rigid sphere approaching a free non-deformable surface, exact treatments are given
in [33], which describe both the undistorted fall and the velocity close to the surface, where
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Figure 2. Relevant variables for the transport of a rigid sphere through an
interface. The extent of interface deformation d perpendicular to the interface
is proportional to Bo and µ (inversely). The width of the deformation depends
on Bo and β.

solvent backflow slows the sphere down. Generally, the velocity close to the interface may be
written as

us(α) =
21ρrngR2

9λ(α)ηn
, (5)

with λ representing the friction factor, which strongly increases close to the interface:

λ =
4

3
sinh α

∞∑
n=1

n(n + 1)

(2n − 1)(2n + 3)
C(n, α), (6)

with

Cfree(n, α) =
4 cosh2((n + 1/2)α) + (2n + 1)2 sinh2 α

2 sinh((2n + 1)α) − (2n + 1) sinh(2α)
− 1, (7)

with α = cosh−1(y/R), with y the distance between the centre of the sphere and the interface.
In the experiments presented here, we will use this as an approximation as the interface does
deform here, and we approximate y/R ≈ (((z + d)/R) + 1), with z + d + R the distance between
the centre of the sphere and the deformed interface.

The departure of the sphere from the interface is similar to the approach at first sight, but
there are subtle differences. The solvent backflow at the interface now takes place behind the
sphere. Also, instead of a thinning film between the sphere and the interface, the sphere is now
moving away from a thickening film between the sphere and the interface.

Following Geller et al [7], two scenarios for transport are possible: the drainage and tailing
configurations. These authors theoretically investigated the constant velocity and the constant
force cases. In the limit of negligible inertial effects, the dimensionless numbers that affect
the configuration are Cg, the capillary number Ca and the viscosity ratio between the fluid
phases µ:

Cg =
uη2

1ρ12gR2
, (8)

New Journal of Physics 12 (2010) 023013 (http://www.njp.org/)

http://www.njp.org/


6

Ca =
uη2

γ
, (9)

with u the velocity of the sphere, and

µ =
η1

η2
. (10)

Cg and Ca represent the ratio of the viscous stress at the interface relative to buoyancy and
surface tension, respectively. High values of Cg result in a relatively broad deformed area
along the interface. At high values of Ca, the deformation, both parallel and perpendicular
to the interface, becomes large. High values of µ result in a more rigid interface and therefore
less interfacial deformation perpendicular to the interface [7]. In our experiments, the constant
gravitational force sets the velocity of the sphere far away from the interface and the constant
force scenario applies. Since the dimensionless numbers Cg and Ca vary as the sphere slows
down upon approaching the interface, we substitute u by us(z = ∞) in equations (8) and (9)
and Cg becomes the buoyancy ratio β and Ca becomes the Bond number Bo instead, both
remaining constant during the transport process. β is given by

β =
1ρr2

1ρ12
(11)

and should be larger than unity to prevent the particle from residing at the interface, such as
in [15]. For the Bond number, we obtain

Bo =
Fg

Fc
∼

1ρr2gR3

γ R
=

1ρr2gR2

γ
, (12)

which is the ratio of gravitational force Fg and capillary force Fc. For a sphere the latter is
given by

Fc = 2πγ R. (13)

At low Bond numbers (Bo < 1), the capillary force is dominant and the drainage regime
is observed. At high Bond numbers (Bo > 1), the sphere is transported through the tailing
transport configuration. Both transport regimes are illustrated in figure 1. We see that the cross-
over radius RBo (for which Bo = 1) is equal to

RBo =

√
γ

1ρr2g
. (14)

Let us now compare Reynolds numbers for typical molecular and colloidal systems. To
this end we write the viscous force, equation (3), as a function of Re by setting L = R and
substituting for u R: Fv ∼ Re(η2/ρ). Thus, an inertial force of at least η2/ρ is required to
enter the high Re regime. For the transport, the relevant inertial forces are the capillary force
(∼γ R) and the gravitational force (∼1ρgR3). To estimate the magnitude of the forces involved,
we insert typical values for studies in molecular systems (table 1). Consider a sphere with a
radius R ∼ 10−3 m, with a density difference with the surrounding fluid 1ρr2 ∼102 kg m−3,
moving towards an interface with interfacial tension γ ∼10−2 N m−1. The fluid has a density
ρ ∼103 kg m−3 and a viscosity η ∼10−3 Pa s. Consequently, η2/ρ ≈10−9 N. The capillary and
gravitational forces are of the order of 10−5 and 10−6 N, respectively. Compared to η2/ρ, this
is much too large to end up in the low Reynolds regime. It is particularly difficult to bring the
capillary force to the low Reynolds regime, since it only depends on R, compared to R3 for
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Table 1. Comparison of characteristic interfacial and sphere transport quantities
for colloid–polymer and molecular systems.

Quantity Unit Colloid–polymer Molecular

Interfaces
Interfacial tension γ N m−1 10−7 10−2

Interface roughness LT =
√

〈h2〉 m 10−7 10−10

Viscosity η Pa s 10−2 10−3

Sphere transport
Density difference 1ρrn kg m−3 102 102

Typical sphere radius R m 10−5 10−3

Crossover radius RBo m 10−5 10−3

Viscous force η2/ρ N 10−7 10−9

Capillary force γ R N 10−12 10−5

Gravitational force 1ρgR3 N 10−12 10−6

Dimensionless numbers
Bond number Bo 100 10−1

Reynolds number Re 10−5 103

the gravitational force. In such systems, the low Reynolds regime is only obtained for particle
radii of R = 10−7 m. These particles are clearly Brownian and the transport process for such
particles is presently inaccessible by microscopic methods. Nearly all other studies on high
Bond numbers are therefore necessarily at high Reynolds numbers too. To our knowledge, the
only experimental low Reynolds number, high Bond number study was performed by Manga
and Stone [17], using molecular systems with high viscosities.

We reach the low Reynolds regime through the ultralow interfacial tension in demixed
colloid–polymer mixtures, and by the use of relatively small spheres (R∼10−5 m). If we
insert typical values for colloid–polymer mixtures, see table 1, we find that the capillary and
gravitational forces are now of the order of 10−12 N, much lower than η2/ρ ∼ 10−7 N. Evidently,
we have accessed the low Reynolds regime. Since the crossover radius RBo ∼ 10−5 m, both low
and high Bond numbers can be visualized by varying the size of the sphere.

3. Experimental system and method

The transport of rigid spheres was studied in three different phase-separated colloid–polymer
systems. The dispersions consist of fluorescently labelled poly(methyl-methacrylate) spheres
[34], suspended in cis–trans decalin, with polystyrene added as a depletant polymer to
induce attraction. The first system was fluorescently labelled with 7-(diethylamino)-coumarin-
3-carboxylic acid N -succinimidyl ester coupled with 4-aminostyrene (CAS), the other two with
4-methylaminoethyl methacrylate-7-nitrobenzo-2-oxa-1,3-diazol (NBD-MAEM). The respec-
tive radii of the colloids Rc were 69, 25 and 71 nm, as determined by dynamic light scatter-
ing, with a particle polydispersity of approximately 10% from scanning electron microscopy.
The radii of gyration Rg of the polystyrene polymers were estimated [35] to be 42, 14 and
43 nm, respectively. We will refer to the respective systems as System IA or IB (depending
on the state point A or B in the phase diagram; see figure 3(a)), System II and System III.
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Figure 3. Phase diagrams as constructed by dilution lines for (a) System I and
(b) System II. Filled circles indicate state points where phase separation occurs,
crosses indicate state points in the one phase region. The binodal (black line)
is a guide to the eye. State points at which measurements were performed are
indicated by (a) letters or (b) an arrow. The phase diagram of System III is
not shown, but was constructed similarly. (c) LSCM image of the equilibrated
gas–liquid interface for System IA of 100 × 10.0 µm. (d) LSCM image of the
equilibrated gas–liquid interface for System IB of 103 × 15.9 µm.

The size ratio q = Rg/Rc ≈ 0.6 in the used systems allows for the coexistence of a polymer-
rich, colloid-poor (colloidal gas) phase and a colloid-rich, polymer-poor (colloidal liquid) phase.
Phase diagrams were constructed by repetitive dilution of several phase-separating samples.
State points were prepared depending on their colloid volume fraction φc =

4
3π R3

c nc and poly-
mer volume fraction φp =

4
3π R3

gnp, where nc and np are the number densities of colloids and
polymers, respectively. The phase diagrams for Systems I and II are shown in figures 3(a)
and (b). System I was studied with an Axiovert 200M Zeiss microscope mounted with an
LSM5 Exciter scanhead, with the focal plane parallel to the direction of gravity. The micro-
scope was furthermore equipped with an Ar laser with both a 458 nm and a 488 nm line and
a Zeiss 60× CFI Plan Apochromat (NA 1.4) lenses. The capturing rate was approximately
five frames (512×512 pixels) per second. Figures 3(c) and (d) show images of the equili-
brated colloidal gas–liquid interface for state points in System I at which low and high Bond
number sphere transports were studied, respectively. It is clear that the interface is corrugated
by fluctuations in height due to thermal energy, called capillary waves, which become more
pronounced on going from state point A to B (γ decreases). Systems II and III were stud-
ied with a Nikon Eclipse E400 microscope mounted with a Nikon C1 scanhead, again with
the focal plane parallel to the direction of gravity. The capturing rate was approximately one
frame (512×512 pixels) per second. The microscope was furthermore equipped with a 488 nm
ArKr laser and Nikon 20× ELWD Plan Fluor (NA 0.45) and Nikon 60× CFI Plan Apochromat

New Journal of Physics 12 (2010) 023013 (http://www.njp.org/)

http://www.njp.org/


9

(NA 1.4) lenses. In both cases, the sample container is a small glass vial, part of which is
removed and replaced by a thin (0.17 mm) glass wall. Very large, very polydisperse
PMMA-NBD spheres (R = 50 nm–50 µm, ρr = 1.17 g ml−1) were obtained from a synthesis
following [34], and subsequently size-fractionated twice in hexane. The resulting spheres with
R = 2–20 µm were transferred to cis–trans decalin and diluted to a concentration of 1 wt%. A
small amount of these spheres (less than 10 µl or 1.0% (v/v) of the total sample volume) was
carefully added to the top of the colloidal gas phase, after ∼16 h of equilibration of the sample
to complete phase separation. The material was either added with a pipette or injected through
a thin plastic tube. The spheres subsequently sedimented towards the gas–liquid interface and
moved through it. During sedimentation in the gas phase, the spheres were covered by a thin
wetting film of liquid phase. All the capillary events during transport occur through interactions
between the film on the sphere and the macroscopic interface between the phases. We therefore
ignore the interfacial tension between the surface of the sphere and the surrounding phases and
consider the interfacial tension between the two colloidal phases for all transport events.

A powerful aspect of this study is that all relevant system variables may be determined by
microscopy. To this end we determine the bulk sedimentation velocities of the spheres and
the capillary wave height–height positional and time correlation functions gh(t) and gh(x).
These provide enough information to determine the interfacial tension γ as well as the mass
densities ρg and ρl and viscosities ηg and ηl (subscripts ‘g’ and ‘l’ denote the colloidal gas
and liquid phases). The bulk sedimentation velocities give (ρr − ρl)/ηl for the liquid phase and
(ρr − ρg)/ηg for the gas phase. The interfacial tension γ follows directly from both correlation
functions. The capillary length, obtained from gh(x) or the interfacial profile at the wall
[28, 36], may be used to extract ρl − ρg. The dynamic correlation function gh(t) provides a
measure of the capillary time, from which ηl + ηg is deduced. Thus, we have four equations with
four unknowns, which can be solved.

In figures 4(a) and (b), the quantities
√

us in, respectively, the gas and liquid phase are
shown as a function of sphere size for System I. There is a linear relation between the two
quantities, indicating that the fluids behave like Newtonian fluids at the shear rates applied by
the spheres, which are of order us(z = ∞)/2R. The positional and time correlation functions for
capillary waves gh(x) and gh(t) for System I are shown in figures 4(c) and (d). For comparison,
the viscosities and densities of a state point similar to System IA and the state point studied
in System II were determined with a DMA 5000a density meter and an Anton Paar Physica
MCR300 rheometer. These methods require much sample volume and are destructive, but
provide a check on the quality of the data obtained from microscopy.

Table 2 gives an overview of the physical properties of the transport systems determined
by both methods. For System II, there is excellent agreement between the values obtained by
both methods. For System IA, the values are somewhat different, but show the correct tendency
since the state point studied by microscopy is slightly closer to the critical point than the sample
studied using the more conventional methods. This gives confidence for the reliability of the
values measured for Systems IB and III.

Systems IA and II with high RBo will be used to study the low Bond number limit, and
Systems IB and III with low RBo will be used to study the high Bond number limit. Furthermore,
a crossover regime is observed in Systems IB and III. Clearly, we may compare the results in
the systems for variation of Bo. Where possible and relevant, we will compare between values
for µ or

√
〈h2〉, while keeping β (almost) constant.
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Figure 4. Determination of the physical properties for System I from microscopy.
Squares represent the measured data for state point A, circles those for state point
B. (a) Determination of 1ρrg/ηg from spheres sedimenting in the colloidal gas
phase. Data for Systems II and III are not shown. (b) Determination of 1ρr l/ηl

from spheres sedimenting in the colloidal liquid phase. (c) Determination of γ

and 1ρlg from the static correlation function gh(x). For System II, we determined
the capillary length from the profile at the wall (not shown). (d) Determination
of γ and ηl + ηg from the dynamic correlation function gh(t).

Table 2. Physical properties of the systems studied obtained from microscopy
and rheometer and density meter experiments. Values from the latter two are
given in parentheses.

System

Quantity Unit IA IB II III

ρl kg m−3 964 (989) 930 943 (942) 957
ρg kg m−3 892 (887) 906 893 (889) 931
ηl mPa s 87 (105) 60 35 (31) 25
ηg mPa s 13 (6) 6 10 (8) 6
RBo µm 8 (8) 3 7 (7) 4
γ nN m−1 140 24 160 45√

〈h2〉 µm 0.12 0.32 0.065 0.10
Re – 10−6 10−6 10−6 10−6

Bo – 0.1–1 1–34 0.1–1 1–10
β – 3.8 (2.7) 9 5.2 (5.2) 9
µ – 6.7 (13) 10 3.3 (3.8) 4
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15µm

Figure 5. Stages of transport through the drainage mode in (a) System IA and
(b) System II. The formation of the initial connection between the interface and
the wetting film on the sphere is set as t = 0. (a) Series of LSCM images for the
transport of a 5.0 µm diameter sphere (Bo = 0.12). We can clearly distinguish
the approach stage, the formation of a connection through capillary waves, the
transport of the sphere through the interface by the growth of the neck and the
movement away from the interface. See Movie 1, available at stacks.iop.org/NJP/
12/023013/mmedia. (b) Same as in (a), but now for a 15.5 µm diameter sphere
(Bo = 1.0). Here, the interface clearly deforms during the approach and before
the sphere detaches from the interface. The interface recovers after detachment.
The resolution in time is less than in (a) and the effects in the wetting film are
less obvious because the dyes of the sphere and the colloids are identical. See
Movie 2, available at stacks.iop.org/NJP/12/023013/mmedia.

4. Drainage mode

At low Bond numbers (Bo < 1), spheres are transported through the drainage transport
configuration. Characteristic images of all stages are shown for spheres with diameters of
5.0 µm (System IA, figure 5(a)) and 15.5 µm (System II, figure 5(b)) and Bond numbers of
0.12 and 1.0, respectively. When sedimenting in the polymer-rich phase, a wetting film
of the colloid-rich phase is present around the sphere, as can be clearly seen in (the coloured
version of) figure 5(a). This layer is acquired when the spheres are added and pass through the
air–colloidal gas interface, where colloidal liquid phase is present [32] and wets the incoming
rigid sphere. Due to the depletion interaction, the sample wall may be wetted by the colloidal
liquid as well [37]; therefore, it is not surprising that this layer is also stable for the curved
particle surface. Interestingly, as for the interface between the bulk gas and liquid phase, we are
able to visualize thermally induced capillary waves on the wetting layer.
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Figure 6. (a) Subdivision of the (1) approach, (2) transport and (3) moving-away
stages in events for the drainage transport configuration. The same labelling is
used in the text. (b) Drainage velocity profile during transport of a 10.4 µm
diameter sphere (Bo = 0.52) in System IA. Solid lines separate the stages,
whereas dotted lines indicate transitions between the events. Numbers and letters
refer to the events as assigned in (a). (c) Similar to (b) for the 15.5 µm diameter
sphere (Bo = 1.0) in System II shown in figure 5(b).

We now describe the transport process for the drainage configuration by subdividing the
approach, transport and moving-away stages in 10 events. These are schematically illustrated
in figure 6(a). Far away from the interface, the sphere sediments at constant velocity in the gas
phase (1A), until the distance to the interface becomes approximately one sphere diameter.
Closer to the interface, the sphere slows down (1B) and—for relatively large spheres—the
interface deforms (1C). The extent of deformation is the result of the interplay between gravity-
induced solvent backflow and capillary forces. The draining film of gas phase between the
sphere and the interface becomes thinner, until the capillary waves of the interface and those
on the wetting film around the sphere connect (2A). Subsequently, this connection grows as the
sphere is dragged through the interface by capillary forces (2B). The interfacial area between
the colloidal gas and liquid phase minimizes as the wetting film on the sphere merges with
its bulk phase. Minimization of interfacial area is therefore the driving force of this stage of
the process. When the sphere is fully immersed in the liquid phase, the sphere may again
deform the interface (3A), it detaches from it by gravity (3B) and accelerates (3C) towards
its bulk sedimentation velocity in the liquid phase (3E), while the interface regains its initial flat
shape (3D). We will discuss the transport stage in more detail first, followed by the approach
and moving-away stages. Figures 6(b) and (c) show the characteristic velocity profiles for the
transport of spheres in Systems IA and II, respectively. The velocity is shown as a function of z,
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Figure 7. Transport of a 4.4 µm diameter sphere (Bo = 0.09), covered with a
wetting film, through the interface of System IA. Initially, the capillary waves on
the interface and the wetting film are not close enough to create a connection.
However, when the fluctuations exceed the interface–film spacing, a connection
is formed (at t = 0 s). This occurs at a separation of roughly twice the root mean
square interface roughness

√
〈h2〉. Subsequently, the neck of the connection

grows and the sphere is dragged through the interface into the liquid phase
by capillary forces. See Movie 3, available at stacks.iop.org/NJP/12/023013/
mmedia.

made dimensionless with the sphere diameter. The velocity of the sphere decreases strongly as
the sphere approaches the interface. Subsequently, the sphere accelerates while it is transported
through the interface by capillary forces. After transport the sphere resides close to the interface
for a while and finally accelerates to a bulk sedimentation velocity in the liquid phase.

The transport of a sphere in the draining film configuration is initiated by the formation
of a connection between the wetting film of liquid phase on the sphere and the interface, and
proceeds with the passage of the sphere through the interface by capillary forces. In figure 7, we
show these events for a 4.4 µm diameter sphere (Bo = 0.09) in System IA. The time at which the
connection is made is set as t = 0. The creation of the connection between the wetting film on
the sphere and the interface is clearly mediated by capillary waves on both the wetting film and
the interface. In the limit of a motionless sphere, the time before two fluctuations cover a wetting
film–interface separation 1 is expected to depend on the mean square interfacial roughness 〈h2

〉.
Indeed, the separation between the film and the interface at which the connection is made is
approximately 200 nm, which roughly corresponds to 2

√
〈h2〉 (∼ 240 nm). After the connection

is made, the sphere is dragged into the liquid phase while the connection grows rapidly.
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Figure 8. Transport at low Bond numbers of spheres with various sizes. Panels
(a) and (b) show the velocity profiles for the transport of spheres through the
interface in, respectively, Systems IA (Bo = 0.05–0.52; 3.1–10.4 µm diameter)
and II (Bo = 0.55–1.17; 11.3–16.5 µm diameter) as a function of (z/R) + 1. The
lines correspond to the model described in (c). (c) Schematic illustration of the
transport of the sphere through the interface. The sphere is dragged down by the
component F⊥ of the capillary force Fc that is perpendicular to the interface.
The angle θ of F⊥ relative to Fc hence determines the transport velocity. Fc is
parallel to the curvature of the sphere at the interface height (complete wetting);
thus cos θ = R′/R = a. (d) Dimensionless height versus time for the data shown
in (a).

The connection is made at the centre of the bottom part of the sphere, where minimum
separation occurs. For spheres that deform the interface more strongly, the required minimum
separation for film coalescence may occur at the side of the deformed area. This is the case for
high Bond numbers (next sections), for droplets (low Bo) in droplet coalescence [8] and for low
Bond number spheres in molecular systems, where

√
〈h2〉 is much smaller [15]. The crossover

between the two types of events is determined by
√

〈h2〉 and RBo (at fixed β and µ).
During transport, the viscosity experienced by the sphere rises substantially because of

the high viscosity contrast µ between the phases in System IA. This is clear in figure 7.
Immersion up to the radius of the sphere takes approximately 10 s, whereas full immersion takes
an additional 20 s. In System II with low µ, both events occur in roughly the same amount of
time. The transport velocities are shown for a range of Bond numbers in figure 8(a) (System IA)
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and figure 8(b) (System II). Figure 8(a) has a higher time resolution. We scale z + R with the
sphere radius R and z = 0 is the undeformed interface position. An increase in velocity starts
at (z/R) ≈ 2

√
〈h2〉 for smaller spheres, thus roughly corresponding to the critical distance at

which capillary waves on the wetting film of the sphere and the interface start to connect. For
larger spheres, the interface deforms and the acceleration of the sphere consequently occurs at
lower (z/R).

The most striking feature is perhaps that the maximum transport velocity uT,max does not
depend on the sphere size. In the quasi-static limit of the Navier–Stokes equation, we may
equate the viscous drag force Fv = 6πηRu with the capillary force Fc = 2γ Rcos θ as sketched
in figure 8(c). This results in an instantaneous transport velocity uT(a):

uT(a) =
1

3

γ

ηeff(a)

√
1 − a2, (15)

with a = z/R + 1 and ηeff the effective viscosity, which is a complex function of a. Clearly, it
also depends on interfacial deformation and therefore on Bo, β and µ. Since the connection
is made between the interface and the wetting film, we may use the gas–liquid interfacial
tension γ . By approximating γ /ηeff = γ /(η1 + η2) ≈ uc, with uc the capillary velocity, we find
uT,max = uc/3 = 0.47 µm s−1, which agrees well with the directly obtained value of uT,max =

0.41 µm s−1 for System IA. For System II, the lower resolution in time results in less accurate
velocities, but we nonetheless find uT,max = uc/3 = 1.2 µm s−1 compared to the experimental
uT,max = 0.9–1.1 µm s−1. The curves for uT are shown as dashed lines in figures 8(a) and (b).
The shape of the profile and the location of uT,max are well predicted by using an effective
viscosity based on the relative amount of interfacial area between the sphere and each of the
phases. However, prefactors (from fitting) of 0.25 (IA) and 0.4 (II) are still needed for more
quantitative agreement (solid curves in figures 8(a) and (b)).

We are able to scale the transport stage for variation of the Bond number (Bo < 1) within
both experimental systems, by defining tuT,max = 0 and height zuT,max = 0 as the time and height
at which uT,max occurs, and scaling position and time we obtain the ‘master curves’ for Systems
IA (figure 8(d)) and II (not shown), which are thus only valid for given values of µ and β.

We now describe the approach and moving-away stages. The approach of the sphere
towards the interface was already discussed in detail in [38] for System II. Here, we combine
these results with data from System IA. Far away from the interface all spheres sediment at
constant velocity. They start to slow down due to solvent backflow at a separation between
sphere and interface of about their own diameter. Moreover, the interface starts to deform
for larger spheres, with sizes increasing up to RBo, as the gravitational force becomes more
important. On further approach, the velocity continues to decrease strongly and the interface
distortion becomes more pronounced. In figure 9(a), we show the master curves for the approach
with scaled heights and times. Note that the spheres studied in System IA—in comparison
with System II—may be followed up to smaller values of (z + d)/2R due to the higher image
resolution. The approach curves are very well described by the theoretical approach of a sphere
towards a free, non-deformable interface equation (5) [38] (solid line in figure 9(a)). For
System IA, we are able to observe deviations from the theoretical curve, which start to take
place at (z + d) ≈ 2

√
〈h2〉, when capillary waves become important. Furthermore, fluctuations

show up in the approach curve for spheres that visibly display Brownian motion (Bo < 0.1).
After transport of the sphere through the interface, gravity becomes the dominant driving

force for the downward movement of the sphere again. In this phase, the data of System II are
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Figure 9. Dimensionless master curves scaling for the approach (a) and departure
(b) stages for spheres in System IA (semi-filled symbols, Bo = 0.05–0.52) and
System II (open symbols, Bo = 0.32–1.17). We set t = 0 as the time at which
(z + d)/2R = 1 (approach) or −1 (moving away). The solid line in (a) represents
the theoretical curve for the approach of a rigid sphere towards a non-deformable
free surface.

more abundant in terms of distances covered as the high viscosity in System IA leads to long
measurement times for a large spectrum of heights. As a consequence of flow, a pressure gap is
created behind the sphere. As long as the capillary pressure of the deformed interface does not
exceed the pressure gap behind the sphere, the interface moves along with the sphere. As gravity
pulls not only the sphere but also the interface, the initial movement of the sphere is restrained.
Once the pressure gap behind the sphere is insufficient to deform the interface further, the sphere
detaches from the deformed interface and accelerates towards its bulk sedimentation velocity in
the liquid phase. Meanwhile, the deformed interface flattens again. Making height and time
dimensionless, as for the approach stage, results in master curves for separations between the
sphere and the interface smaller than z + d = 0, as shown in figure 9(b). For smaller values
of z + d , the curves are steeper for larger spheres, for which the gravitational force is large
compared to the capillary forces.

5. V-mode

We observe a crossover regime in between the drainage and tailing transport configurations at
moderate Bond numbers of ∼2–3. After transport the sphere leaves the interface behind with
a characteristic V-shape, and so we refer to it as the V-mode. In this regime, the gravitational
force dominates over the capillary force, but the capillary force does play a role. A characteristic
image sequence for transport through the V-mode is shown in figure 10 for System IB. The
V-mode was also observed in System III. The transport stages of the V-mode may be divided
into several more or less consecutive events, which are schematically shown in figure 11(a).
Initially the sphere sediments at constant velocity in the colloidal gas phase (1A). Close to the
interface the sphere slows down due to solvent backflow (1B) and the interface strongly deforms
on approach of the sphere (1C). While the sphere gradually moves through the interface, a gas
phase film persists around the sphere well in the liquid phase. Several connections are formed
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(a)

–15 s 3.8 s 22 s 74 s 95 s 132 s10µm

(b)

17 s 25 s 28 s 75 s 117 s 179 s15µm

Figure 10. (a) Transport through the V-mode in System IB for a 9.6 µm diameter
sphere with Bo = 2.0. The time at which the sphere centre reaches the position
of the undeformed interface is set as t = 0. We use the same labelling in the
text. (b) Image series similar to (a) for a 15.2 µm diameter sphere (Bo = 4.9).
Several connections are formed between the interface and the wetting film on
the sphere, resulting in the entrapment of gas bubbles. See Movie 4, available at
stacks.iop.org/NJP/12/023013/mmedia.

in quick succession between the deformed interface and the wetting film of colloidal liquid
on the sphere (2A), with the sphere still relatively close to the interface. The creation of the
connections is likely mediated by capillary waves, on both the deformed interface and the
wetting film on the sphere. In most cases, the first connection is made at the bottom part of
the sphere, slightly shifted from the centre of deformation. Then a second connection forms at
the free, non-coupled side of the sphere and even more connections may be formed at other free
parts of the sphere surface. The gas phase film around the sphere is ruptured at several locations
around the sphere due to the formation of multiple connections. Next, these connections grow
(2B), thereby entrapping ‘bubbles’ of polymer-rich phase (2C), as visualized in great detail in
figure 10(b). Note that due to confocal slicing not all formations of connections—or bubbles—
can be observed in these two-dimensional measurements. Meanwhile, the distortion of the
interface reaches over a few sphere diameters along the interface. This gas phase gap above
the sphere then decreases its width (2D) and, when the top of the sphere equals the maximum
interfacial deformation, it disconnects from the interface that has attained a characteristic
V-shape (2E). The sphere speeds up in the liquid phase (3A) and the interface further restores
towards its initial flat shape (3B). In time, as the sphere sediments downward, the gas bubbles
flow along the sphere surface (3C) and detach from it (3D). The sphere moves further in the bulk
liquid phase and reaches a constant velocity (3E). Initially, the bubbles are in the pressure gap
behind the sphere and are dragged along, but eventually move upward with a velocity increasing
up to a constant velocity. The bubbles ultimately coalesce with the bulk gas phase at the interface
(3F), as extensively described in [39].

When the top of the sphere has reached the height of the undeformed interfacial position,
the interface has not fully recovered yet, and the sphere leaves a V-shaped interfacial profile
behind. Note that this is slightly different from the sphere that drags the interface along in the
drainage mode. In the latter case, the interface has fully recovered by the time the sphere is
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Figure 11. (a) Subdivision of the (1) approach, (2) transport and (3) moving-
away stages in events for the V-mode. The same labelling is used in the text.
(b) V-mode velocity profile during transport of the 9.6 µm diameter sphere
(Bo = 2.0) in System IB shown in figure 10(a). The two tiny peaks in velocity
coincide with film rupture events. (c) Similar to (b) for a 14.6 µm diameter
sphere (Bo = 3.2) in System III with a much more pronounced increase in
velocity after transport of the sphere.

fully below the undeformed interfacial position, but deforms again through the pressure gap
behind the sphere. In the V-mode, the recovery of the interface initially takes place by lateral
fluid motion and is driven by the hydrostatic pressure imbalance between the gas phase in the
V-shaped neck and the liquid phase around it. Minimization of the interfacial area drives the
interfacial restoration only after the sides of the neck join by coalescence.

The film in between the sphere and the interface ruptures much earlier in System IA than
in System II due to the larger interface roughness. Despite the very different value of µ, the
transition to the tailing mode takes place at similar Bond numbers for both systems (Bo ∼ 3).

Two representative velocity profiles throughout the V-mode transport process are shown
in figure 11(b) and (c) as a function of z + R for Systems IA and III. For the V-mode, the
velocity clearly reduces close to the interface. In figure 11(b), two tiny peaks are subsequently
observed, which coincide with the observed formation and growth of connections between the
deformed interface and the wetting film around the sphere, as shown in detail in figure 10(a).
For the drainage transport configuration, the maximum velocity was well described by uc/3. At
this state point, uc/3 = 0.10 µm s−1, which is significantly larger than the observed increases in
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(a) 20 s 34 s 71 s 95 s 130 s 153 s

40µm

–0.5 s 19 s 34 s 45 s 59 s–16 s(b)

40µm

Figure 12. Transport through the tailing configuration for (a) a 40 µm sphere-
like object (Bo = 34) in System IB and (b) a 24 µm diameter sphere (Bo = 9)
in System III. The time at which the sphere centre reaches the position of the
undeformed interface is set as t = 0. The sphere leaves a long column of colloidal
gas behind. See Movie 5, available at stacks.iop.org/NJP/12/023013/mmedia.

velocity. This supports the scenario of a more dominant gravitational force and multiple rupture
events in quick succession at the sides of the sphere, potentially partly negating each other.
Due to the high viscosity contrast between the phases, the bulk sedimentation velocity in the
colloidal liquid is quite low. Therefore, the increase in velocity after transport of the sphere is
relatively small. In figure 11(c), increases in velocity due to rupture of the gas phase film are
not observed. Here, the capillary velocity is larger, uc/3 = 1.5 µm s−1, but the sedimentation
velocities are larger as well. Moreover, the reduced resolution in time, the identical dyes of the
sphere and the colloids and the smaller interfacial roughness hinder the observation of rupture
events. The film rupture events take place more or less at the side of the sphere, and capillary
forces hardly contribute to the downward velocity, which is representative for all spheres in
this system. In figure 11(c), the increase in velocity after passage of the interface is much more
pronounced, due to a lower µ, than in figure 11(b). The observation of the V-mode emphasizes
the tunability of our experimental system by bridging the low (drainage) and high (tailing) Bond
number limits, where either capillary or gravitational forces dominate the transport of the sphere
through the interface.

6. Tailing mode

At values of Bo > 4, we observe that spheres move through the colloidal gas–liquid interface via
the tailing transport configuration: after transport the sphere leaves a column or ‘tail’ of colloidal
gas phase behind. Figures 12(a) and (b) show images of the transport process for a 40 µm
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sphere-like object (System IB, Bo = 34) and for a 24 µm diameter sphere (System III, Bo = 9).
The events taking place in the tailing regime during the approach, transport, moving-away and
column break-up stages, which we describe consecutively, are sketched in figure 14(a). All
events are clearly observable; however, the order of the events and the extent to which they
take place may vary, depending on the dimensionless parameters Bo, β and µ, and

√
〈h2〉.

During the approach stage the spheres initially sediment at constant velocity through the gas
phase (1A). At a sphere-interface spacing of ∼1–2 times, the sphere diameter of the interface
starts to deform (1B) and the sphere slows down due to solvent backflow (1C). The deformation
of the interface increases strongly upon further approach of the sphere. Subsequently, as the
sphere passes through the interface, it entrains a film of the polymer-rich phase around it and
a column of the same material behind it. The polymer-rich film around the sphere thins (2A)
and thereby feeds the column of polymer-rich material. While the sphere is fully immersed
in the colloid-rich phase, several connections are formed nearly simultaneously between the
wetting film of colloid-rich material on the sphere and the bulk colloid-rich phase (2B). The
connections grow rapidly (2C), but the net capillary force on the sphere is negligible as no
sudden increase in velocity is observed. Because of the rupture of the gas film, gas ‘bubbles’
are entrapped by the liquid phase around the sphere surface (2D). The sphere is completely
immersed in the liquid phase and leaves a tail of gas phase material behind (3A). As the sphere
sediments further and speeds up in the liquid phase, the column elongates and thins. After
rupture of the film, the created gas bubbles flow around the sphere surface and coalesce with
the gas column (3B). The sphere detaches from the column (3C) when the width of the column
just above the sphere becomes sufficiently small to be bridged by thermal fluctuations—present
at the gas–liquid interface of the column. The sphere sediments further at constant velocity in
the bulk liquid phase (3D) and usually still releases a few gas bubbles after detachment from
the column (3E). During the final stage of the transport process, the gas column breaks up
through a Rayleigh–Plateau instability [40, 41], similar to [32]. This instability is driven by the
interfacial tension and reduces the total surface area of a fluid thread by breaking it into drops.
Figure 13 shows two image series for column break-up. First, the liquid phase encloses the
column due to the closure of the interface above the column (4A), which is probably caused by
the high Laplace pressure of the locally curved interface. This starts well before the column has
reached its maximum length. Undulations arise at the interface between the gas column and the
bulk liquid phase (4B). At some positions along the column its width becomes small enough
to be bridged by a connection between both sides of the column. This is mediated by capillary
waves on the interface of the column and the colloid-rich phase. The gas column is ruptured and
breaks up into bubbles (4C). Eventually, the gas bubbles move upward towards the interface
(4D) and coalesce with the bulk gas phase at the interface (4E), as in [39]. The confocal slicing
method sometimes obscures certain events, as can be seen in some of the images of figures 12(a)
and (b). In principle, this can be solved by sufficiently fast 3D confocal microscopy or by
optical microscopy at somewhat lower resolution.

The observed break-up pattern is strongly reminiscent of the break-up of threads at
ultralow interfacial tension [32, 42], with for example the absence of satellite droplets. The
only difference with these studies is that here the surrounding fluid is the more viscous phase.
The break-up of the column after transport for a 18.8 µm sphere in System IB with Bo = 7.5
is shown in figure 13(a) and results in only three droplets, apart from an additional droplet that
is released from the surface of the sphere. The break-up in figure 13(b) in System III stretches
beyond the measurement time but clearly results in a larger amount of droplets. Clearly, both
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77 s62 s54 s42 s18 s11 s(a)

(b) 42 s 52 s 65 s 82 s 92 s 101 s

20µm

15µm

Figure 13. Break-up of gas columns after transport of spheres with a diameter
of (a) 18.8 µm (Bo = 10) in System IB with time set relative to the detachment
of the sphere from the column (see Movie 7, available at stacks.iop.org/NJP/12/
023013/mmedia) and (b) 24 µm (Bo = 5) in System III, depicted in figure 12(b),
for which we set t = 0 when the sphere centre has reached the undeformed
interface position. (See Movie 6, available at stacks.iop.org/NJP/12/023013/
mmedia.) The column breaks up into several gas bubbles that eventually coalesce
with the interface.

the lower viscosity ratio µ and the smaller thermal roughness may play a role here. A decreased
viscosity ratio increases the extent of interfacial deformation, while the thermal roughness
affects the final length of the column and the width at which the column breaks up.

Figure 14(b) shows a representative velocity profile of the tailing transport process as
a function of distance to the interface. The curve shows a clear decrease in velocity on
approaching the interface, while the minimum velocity of the sphere occurs approximately
a diameter below the interface. No effect of interfacial events on the velocity of the sphere
is observed in either system. Finally, the spheres accelerate towards their bulk sedimentation
velocity in the colloid-rich phase.

Figure 15 shows a quantitative analysis of the sphere height in time, for spheres with
Bo > 1 transported through either the V-configuration or the tailing configuration. The spheres
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Figure 14. (a) Subdivision of the (1) approach, (2) transport (3) moving away and
(4) column break-up stages in events for the tailing mode. The same labelling
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Figure 15. Dimensionless master curves scaling for the approach (a) and
departure (b) stages for the transport of spheres in System IB with Bo varying
from 2.0 to 5.1 (9.1–14.6 µm diameter). We set t = 0 as the time at which
(z + d)/2R = 1 (approach) or −1 (moving away). The approach curves agree
remarkably well with the solid line, representing the theoretical curve for the
approach of a sphere towards a non-deformable free surface.

slow down considerably on approaching the interface. Although the interface deforms more
than half the sphere diameter, the dimensionless approach curve for spheres of varying size,
depicted in figure 15(a), still agrees remarkably well with the equation for a non-deformable free
interface. For the transport stage, neither gravity nor interfacial tension is dominant such that
the curves are unique for every case and therefore not scalable. The moving away of the sphere
from the interface is shown in figure 15(b) for spheres of varying size and, consequently, Bo.
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The curves are made dimensionless, but close to the interface neither scaling behaviour nor a
systematic trend as a function of particle diameter is observed. Possibly the creation of bubbles
during the rupture of the gas phase film affects the acceleration profile in a way that is not
captured in the scaling. However, further away from the interface, that is z

2R < −
1
2 , scaling is

observed.
2D confocal microscopy is not particularly well suited to quantitative studies of the break-

up of the gas column. From an image the local width of the column can be determined with
high accuracy, but confocal slicing causes the true diameter of the column to be frequently
out of focus. Optical microscopy is a better candidate for capturing the full break-up, such as
in [32], but reduces the lateral resolution. Fast 3D confocal microscopy is an alternative, but is
experimentally challenging.

7. Conclusion

We have presented quantitative microscopy experiments, visualizing in detail all events involved
in the transport of a wettable sphere through a colloidal fluid–fluid interface in the low Reynolds
regime. Due to the ultralow interfacial tension and the use of polydisperse rigid spheres, we were
able to observe different transport regimes within our experimental system in real time and real
space. The sphere passes through the interface via the drainage transport configuration at low
Bond numbers, i.e. a dominant capillary force. Gravity dominates at high Bond numbers and the
tailing configuration is observed. We are able to understand the velocity profile of the sphere
as a function of height through scaling arguments and a simple force balance, which reveals
the capillary forces acting on the sphere. Furthermore, the thermal interface roughness was
visualized and found to influence the passage of the sphere through the interface; the connection
between the sphere and the interface is, for instance, clearly mediated by capillary waves. This
work’s visual detail and quantitative understanding may prove helpful in the understanding of
the transport of solid particles in similar processes that take place in a wide range of bio- and
geophysical systems.
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