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ABSTRACT

Our work focuses on an experimental investigation of droplets freely rising through a miscible, more viscous liquid. We report observations of
water droplets rising through glycerol and corn syrup, which are common household ingredients. Immediately after the drops are formed, they
take on prolate shapes and rise with constant velocity without expanding in size. However, after a critical time predicted by our scaling
arguments, the drops continually grow into oblate spheroids, and as they mix with the ambient liquid, their volume increases and their velocity
decreases, eventually following power laws. We present scaling relations that explain the main observed phenomena. However, the power laws
governing the rate of the volumetric increase and the velocity decrease, namely, t1=2 and t�1=2, respectively, remain points of further investigation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041536

I. INTRODUCTION

Miscible liquids often come into contact with one another in nat-
ural and technological situations, as well as in the kitchen, commonly
as a drop of one liquid present in a second miscible liquid. Examples
include the uptake of an injectable drug in the blood stream and the
mixing of a drop of freshwater with seawater when the river meets the
sea. Familiar examples from the kitchen include the dissolution of
honey in tea and the mixing of dish washing liquid with water. This
paper focuses on droplets freely suspended in a second, miscible liquid
that is unbounded and quiescent. Specifically, the droplet is formed
from a liquid of lower density and lower viscosity than the miscible,
ambient liquid in which it is suspended, such that it rises due to buoy-
ancy forces. To date, miscible configurations of freely suspended drop-
lets have been restricted to studies where a droplet of greater density
and viscosity affects an air–liquid interface, and then continues to
descend into the second liquid of lower density and viscosity.
Significantly, inverting the direction of the buoyancy force allows an
inversion of the viscosity ratio to be examined, as within sets of misci-
ble liquids, the denser liquid tends to be more viscous as well.

The translation of droplets and bubbles through a viscous liquid
is a classic problem in fluid mechanics. Hadamard1 and Rybczynski2

each studied spherical droplets translating through an immiscible liq-
uid at a low Reynolds number. Hadamard and Rybczynski developed,
independent of one another, the solution for the stream functions
inside and outside the droplet.

Stokes’ drag law describes the drag on a solid sphere translating
through a viscous fluid at a low Reynolds number.3,4 The terminal
velocity is reached when buoyancy is exactly balanced by the Stokes’
drag and is given by

u0;Stokes ¼
2a2Dqg

9l
; (1)

where a is the sphere radius, Dq is the density difference, and g is the
acceleration due to gravity. For a droplet or bubble rising or falling in
another fluid, the viscous stress is continuous across the fluid–fluid
interface, leading to a mobile fluid–fluid interface. The degree of inter-
face mobility is determined by the viscosity ratio between the inner
and outer liquid, k � l̂=l, and the magnitude of this parameter modi-
fies the drag force. In the limit k!1, the interface is completely
immobile, causing the drop velocity to match that of a buoyant, rigid
sphere. However, in the opposite limit, k! 0, the skin friction drag
vanishes, causing an increase in the terminal velocity by 50%.

A number of studies have investigated influences of drop shape
on the dynamics of translating drops. The first consideration of devia-
tions from the exactly spherical shape was carried out by Taylor and
Acrivos,5 who investigated influences of finite inertia on the shape evo-
lution of falling drops. They determined that finite inertia causes the
drop to deform into an oblate spheroid for moderate values of the
Weber number, We ¼ Dqau20=r, where r is the interfacial tension
between the droplet and surrounding fluid and u0 is the drop velocity.
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As We increases, the droplet deforms further into a spherical cap.
Several years later, Kojima et al.6 reported a study of drops of aqueous
corn syrup solutions falling into bodies of water and then descending;
they coupled their experiments with theoretical work, tracking the
shape evolution of the droplets as they descended within the bath of
water. In their analytical treatment, they look at the evolution of the
descending drop for two limiting cases during its descent: just after
submersion and at longer times after the formation of an open toroidal
structure. They found that finite and time-dependent interfacial ten-
sions as well as small, but finite contributions of inertia both contrib-
uted to the shape evolution of miscible, falling drops. However, they
did not incorporate effects of diffusion in their analysis, and they espe-
cially note the neglect of an expanding diffuse interface as the result of
dissolution.

Arecchi et al.7 reported an experimental study of droplets of mix-
tures of glycerol and water affecting an air–water interface at high
velocities, corresponding to a highWe number configuration. In some
experiments, they observed droplets to break up upon descending
within the bath of water; whereas in others, they observed no breakup.
They also reported a dimensionless number that compares the time
scales of convective mixing and diffusion along with an empirical anal-
ysis for a critical value of this parameter that determines whether frag-
mentation occurs or not. In a follow-up study, Arecchi et al.8 extended
their prior study by considering the particular features of the fragmen-
tation process. Almost twenty years later, Walker et al.9 utilized devel-
opments in high speed photography to investigate glycerol drops
affecting water and found the dynamics to be highly dependent upon
the transient interfacial tension between these miscible liquids.

Another body of research concerns the influence of the initial
condition on the drop shape at long times. Koh and Leal10,11 studied
the stability of droplets of silicone oils rising through an immiscible,
viscous castor oil at a low Reynolds number. A clever experimental
apparatus including a plunger allowed for the distortion of the droplet
into an oblate or prolate spheroid as an initial condition. The authors
found that after small perturbations, the droplet could recover to a
spherical shape, whereas large perturbations resulted in instabilities
including cases where unstable prolate spheroids developed tails that
pinched off due to capillary forces, and unstable oblate spheroids
developed skirts that likewise pinched off due to the same mechanism.

Thermal plumes, or thermals, are created by heating a fluid from
below, and represent yet another class of miscible fluids. In a study
investigating the implications of heated plumes emanating from volca-
noes on the aviation industry, Taylor12 was the first to investigate the
dynamics of turbulent plumes as early as 1946. The transport of both
mass and momentum for turbulent plumes is dominated by advection
rather than diffusion, leading to high Reynolds and Rayleigh numbers.
In 1960, Morton13 performed a theoretical study of extremely weak
thermals, where transport of heat and momentum is both dominated
by diffusion, leading to both small Rayleigh and Reynolds numbers.
Morton points out that such weak thermals are difficult to produce in
a laboratory due to the restriction on the thermal blob size.
Interestingly, the height and the diameter of thermal structures are
reported to follow a square root dependence on time in both of these
two opposite limits. However, the height risen by the thermal also
depends on the Rayleigh number as defined by the initial condition of
the thermal blob, and this dependence differs drastically between dif-
ferent types of thermals.

A third regime is identified for extremely viscous and buoyant
drops rising in colder, more viscous environments, where advection
dominates the transport of heat, but not the transport of momentum,
leading to large Rayleigh numbers, but small Reynolds numbers.
Griffiths14 found these types of thermals to expand as they rise; how-
ever, as a consequence of the large Rayleigh number, the volumetric
growth was not found to be attributed to diffusion alone across the
miscible interface. Instead, Griffiths found viscous thermals to contin-
ually expand due to convective flows as they entrain ambient liquid
during their rise, leading to a volumetric growth dependence of time
as V � t3=2. The thermals maintained a spherical shape, and this led
him to argue that the viscous drag stayed relatively constant. As a
result, he concluded that the decaying velocity of the thermals,
U � t�1=2, was merely a consequence of their increasing volume.

Diffusion acts to smear out the interface between a freely sus-
pended drop and its environment; however, this is also the fate of ses-
sile and pendant drops submerged in miscible liquids. In two separate
reports from this laboratory, we have previously studied the shape evo-
lution of relatively dense and viscous drops submerged in a lighter, less
viscous ambient liquid.15,16 Initially, the drops swell as diffusion across
the miscible interface proceeds; however, beyond a critical thickness of
the evolving miscible layer, gravitational forces act to deform this layer,
thereby draining the interfacial drop material. For sessile drops, the
interfacial material was found to spread radially outward as a viscous
gravity current,17 while for the pendant drops the interfacial layers
flow out in the form of a jet from the drop’s apex.

In this paper, we report the dynamics of droplets freely rising in
relatively more viscous and more dense miscible liquids. Specifically,
we focus on evaluating the evolution of the shape, size, and velocity of
these drops at low Reynolds and high P�eclet numbers. For this pur-
pose, experiments were performed with water drops rising in glycerol
and corn syrup. In Sec. II, we detail the experimental setup and proto-
cols used in this study. Subsequently, in Sec. III we develop a theoreti-
cal framework describing the relevant timescales in the system. The
key findings from this study are reported and discussed in Sec. IV, and
we conclude the manuscript in Sec. V.

II. EXPERIMENTAL
A. Miscible rising drop apparatus

An apparatus was developed to perform measurements of the
evolution of droplets of a less viscous and less dense liquid rising
through a more viscous and more dense, miscible ambient liquid. The
apparatus consists of an experimental chamber, constructed from a
base of aluminum and four walls formed by four glass microscope
slides. The dimensions of the chamber are 50mm (l) � 50mm (w)
� 150mm (h). A narrow vertical hole is drilled through the center of
the aluminum base and is sealed with a silicone film. To perform an
experiment, the chamber is first filled with the ambient liquid, and the
droplet of the rising liquid is formed by piercing the seal with a syringe
and injecting the rising material. Once the droplet is formed, it begins
to rise immediately. The drop was allowed to rise several radii above
the needle before the needle was withdrawn to avoid disturbing the
drop shape. A camera (Model: GPF 125C IRF, Allied Vision
Technologies, PA, USA) is positioned to view the droplet from the
side and is mounted on a vertical translation stage (Model: ULM-
TILT, Newport, CA, USA) to track the drop as it rises. The camera is
fitted with a telecentric lens (Model: 63074, Edmund Optics, NJ, USA)
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and is backlit by a fiber optic light (Model: 21AC fiber optic illumina-
tor, Edmund Optics, NJ, USA) that passes through a collimator
(Model: 62760, Edmund Optics, NJ, USA) in order to best distinguish
the liquid–liquid interface between the miscible liquids. The apparatus
and experimental setup are both displayed schematically in Fig. 1(a).

Rising drops of de-ionized water (Milli-Q Academic A10) were
formed in glycerol (Fisher; Certified ACS) and corn syrup (Karo; light
corn syrup) and the relevant physical properties are listed in Table I.
The initial volume of rising droplets was varied between 1 ll and
10ll. To create a drop of a given volume, say, 3ll, we filled the syringe
to 3ll and injected the drop fluid into the ambient phase. For all the
experiments, we used the same syringe (10ll, Hamilton MicroliterTM

#801) and stainless steel needle (OD¼ 0.362mm) to form the rising
droplet in the experimental chamber. The experiments were per-
formed at a temperature of 20 �C.

B. Flow visualization

A fiber optic cable was positioned to project light through the
side of the experimental chamber orthogonal to the camera.
Microsphere particles were added to the rising liquid droplet to scatter
the incident light, allowing the particles to be imaged. All particle
imaging experiments were performed with the rising liquid containing
35lm-diameter microspheres at a concentration of 10�2 g/ml

(Cospheric; UVPMS-BY2, 32–38lm fluorescent yellow polyethylene
microspheres, qparticle ¼ 1:0 g/cm3) and sodium dodecyl sulfate
(Invitrogen; UltraPureTM) at a concentration of 10�3 g/ml to disperse
the microspheres by adsorbing onto their surfaces. Figure 1(b) is a rep-
resentative image showing particles dispersed in a droplet as it rises.
The particles form a ring around the drop perimeter, and this observa-
tion is explained in Sec. IV.

In order to best explain the experimental results, we start by
developing a theoretical understanding of rising miscible drops.

III. THEORY
A. Dominating mechanisms determining the
dynamics of miscible rising drops

As soon as a water drop is formed, it starts to mix with the sur-
rounding liquid by molecular diffusion. The timescale describing this
process depends on the molecular diffusion coefficient between the
fluids, D0, and the drop radius, a, and is given by

sdiff � a2=D0: (2)

Diffusion acts on a slow timescale, as can be seen by considering
a typical 1mm sized water drop submerged in glycerol, for which
sdiff � 104 s.

FIG. 1. (a) Diagram of the experimental
setup for performing miscible rising drop
experiments. First, the experimental cham-
ber is filled with the ambient liquid. Then,
the rising drop is formed in the ambient liq-
uid by using a syringe needle inserted
through a hole in the aluminum base of the
chamber. Once the droplet is formed, it
begins to rise immediately, and the needle
is withdrawn once the droplet has risen sev-
eral radii above its tip. A camera is mounted
on a vertical stage and positioned to image
the rising droplet from the side. A fiber optic
light is mounted orthogonal to the camera to
allow for particle tracking. (b) As a result of
the flow field developing within the drop as
it rises, the tracer particles used for flow
visualization form a toroidal ring structure.
(c) Image sequence of a water drop rising
in glycerol. The drop takes on a prolate
shape when formed by the needle (t¼ 2 s)
and transitions to an oblate spheroid while
growing in size as it translates through the
denser, more viscous ambient liquid.

TABLE I. Densities (q) and viscosities (l) of the experimental liquids, and mutual diffusion coefficients (D0) and transient interfacial tensions of the pure solutions between pairs of
liquids. Standard cone plate rheometry was employed to obtain the viscosities. Note that theory rather than experiments was used to determine the interfacial tension between corn
syrup and water found in Ref. 6, and that diluted solutions were used instead of pure solutions of the individual components, possibly leading to an under-prediction of this parameter.

Liquid Rising or ambient Density (g/ml) Viscosity (mPa s) Diffusion coefficient (10�4 mm2/s) Interfacial tension (mN/m)

Water Rising 0.997 0.890 … …
Glycerol Ambient 1.26118 925 1.619 0.4319

Corn syrup Ambient 1.386 5100 1.320 0.236
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However, a recirculating flow pattern develops within the drop as
it rises, as seen in Fig. 1(b), and this flow field causes the concentration
gradient between the outer liquid and the drop liquid to be restricted
to a thin miscible layer, which is the characteristic length scale for the
present mixing problem. The extent of this interfacial layer, l, was
found by Acrivos and Goddard21 for the analogous transport problem
concerning heat transfer from a sphere in a uniform flow at low
Reynolds number and high P�eclet number (Pe) to be

l � aPe�1=3; (3)

where Pe depends on a, D0 and the characteristic velocity, u0, and is
defined as Pe ¼ u0a=D0. In order to arrive at the correct timescale of
the present mass transfer problem concerning rising miscible drops,
we substitute l for a in Eq. (2) to obtain a new timescale that incorpo-
rates effects of convection

s � a2Pe�2=3

D0
¼ sdiff Pe

�2=3: (4)

Note that the above timescale is faster than the diffusion timescale by a
factor of Pe�2=3. For the problem at hand, this difference is consider-
able as Pe � 104, resulting in a mixing time that is typically 100 times
less than that of a pure diffusion process.

The buoyant drops considered in this paper have no prescribed
velocity, but instead the terminal rise velocity u0 is defined by the
Stokes’ velocity in Eq. (1). Incorporating u0 into the definition of the
P�eclet number, we obtain the well-known Rayleigh number. Utilizing
this information in Eq. (4) and simplifying, we obtain a characteristic
timescale for rising miscible drops, which is a typical transition time
between diffusion-free and diffusion-influenced behavior

s � l2

Dqgð Þ2D0

 !1=3

: (5)

We will use this timescale to rationalize the onset of the velocity
and volumetric change of miscible drops rising in viscous
environments.

IV. RESULTS AND DISCUSSION
A. Qualitative observations

Figure 1(c) shows a representative series of images taken of a
droplet of water freely rising in glycerol. In the first frame, the droplet
has just been injected and sits atop the syringe needle. The droplet
takes on a prolate shape, and this initial shape was consistent across all
of the drops in our experiments. However, as the drop rises, it becomes
more spherical. Throughout the rise, diffusion acts to smear out the
interface, leading to a diminishing interfacial tension. This leads to a
reduction in the capillary pressure jump across the drop, making the
droplet more susceptible to interfacial deformations. As a result, the
droplet deviates from the spherical shape at long times, becoming
increasingly more oblate.

At the apex of the droplet, the interface between the droplet and
ambient liquid remains distinct throughout the experiment. As we
move toward the rear stagnation region, the drop interface grows
fainter, where it sheds a trailing strand of diffuse liquid, as seen in Figs.
1(b) and 1(c). The liquid shed by the drop is initially produced when
the drop first rises above the syringe needle, indicating that it is at least

a partial consequence of the technique for producing the droplet.
However, this strand is continually produced as some of the material
in the diffuse layer at the liquid–liquid interface is swept behind the
droplet as it rises. The strand neither stretches behind the droplet nor
breaks up due to capillary forces as was reported by Koh and Leal11 for
immiscible rising drops; in time, the strand continues to diffuse into
the ambient liquid. The absence of capillary breakup of the strand into
droplets is a consequence of the low interfacial tension between the
material forming the strand and the ambient liquid.

As is evident from Fig. 1(c), the volume of the drop increases
with distance traveled. This observation is attributed to effects of diffu-
sion; however, the drop volume does not increase solely through diffu-
sion of external fluid into the drop as in the low P�eclet number limit.13

Instead, the volumetric growth is a result of both diffusion and convec-
tion; as miscible liquid in the layer forming around the drop is dragged
to the rear stagnation point by viscous stresses, the strong recirculating
flow carries this miscible fluid to the interior of the drop. As explained
by Griffiths14 for the analogous case of viscous thermals at low Re and
high Pe, the miscible fluid approaching the rear stagnation region is
most likely to rise with the droplet rather than to be pulled away by
the trailing strand, since it is less dense than the ambient fluid.

In flow visualization experiments, particles were observed to con-
centrate and circulate in an open toroidal structure within the drop.
Similar observations were reported by Griffiths14 for rising thermals. A
representative image from these experiments is shown in Fig. 1(b). As
the particles are restricted to certain portions of the droplet, it is diffi-
cult to surmise the structure of the flow in the droplet where particles
are not observed. It is expected that similarly structured paths to the
streamlines of Hadamard1 and Rybczynski2 exist, although slightly
modified due to the distortion of the droplet from a spherical shape.

Sections IV B and IV C below aim to give a more quantitative
description of the observed phenomena, and we start by describing the
shape evolution.

B. Shape evolution of rising miscible drops

Throughout the experiment, we track the shape of the rising
drop. We identify the boundary of the top hemisphere of the rising
drop as a distinct transition in optical contrast. The boundary of the
bottom hemisphere of the droplet is defined to exclude the trailing
strand, which is done by using the distinct boundary of the upper half
of the hemisphere to fit a parabola in order to enclose the lower part of
the droplet.

Geometrical characteristics of rising drops were obtained by
processing the images using MATLAB. After binarizing the images,
ellipses were fit to the drop boundaries. Volume of the drops was then
calculated as V ¼ 4=3pf2majfmin, i.e., assuming axial symmetry. Here
fmaj and fmin are the major and minor axes of the best fit ellipse. The
obtained volume was then utilized to calculate the equivalent spherical
drop radius.

In order to describe the interfacial deformation of the droplet
from a prolate to an oblate spheroid, we introduce the dimensionless
coordinate, f ¼ ðrs � re;minÞ=rs, that depends on the radius of an
equivalent spherical drop, rs, and the minor axis of the actual spheroid,
re;min, see Fig. 2(a). In Fig. 2(b), f is plotted against dimensionless time,
t=s. The coordinate f stays constant for some time after the drop is
released from the needle, which is consistent with the observation of
the drop maintaining a prolate shape. After a critical time of t � s, f
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begins to decrease and reaches a minimum as the drop transitions
toward a spherical shape. After the minimal value is reached, f starts
to increase as the drop develops into a highly deformed oblate
spheroid.

The degree of drop deformation is governed by a competition
between the shear stresses acting on the drop from the ambient liquid
and a small capillary pressure across the drop interface. As soon as the
drop is formed, molecular diffusion acts to smear out the interface,
lowering the transient tension and making it susceptible to interfacial
deformations. After some time, t � s, the interface is sufficiently
smeared that ambient liquid is allowed to enter the drop through its
rear. This onset of convective mixing further diminishes the transient
tension, which in turn accelerates the rate at which the interface is
deformed, and as the tension continues to diminish, the drop becomes
increasingly oblate, as seen by the increasing value of f in Fig. 2(b).
Drops rising in glycerol end up as being more oblate than drops rising
in corn syrup, and this is due to the relatively large value of the diffu-
sion coefficient in the glycerol–water system (see Table I), reducing
the structural integrity of these drops.

Miscible drops descending in another miscible liquid were
reported by Kojima et al.6 to evolve from an oblate spheroid into an
open torus. In our experiments, this evolution was not observed, as the
drop continually became more oblate as it rises, but never deviated
from this basic shape. The difference between their observations and
ours can be explained by the (exactly) reversed viscosity ratio; our
study concerns water drops rising through corn syrup, while their
study concerns drops of corn syrup descending through water. As
reported by Kojima et al., the evolution from oblate drops to toroidal
shapes is attributed to inertial effects, which can be safely ignored in
our experiments due to the high viscosity of the ambient phase as
compared to the drop phase. By applying a syringe and needle, a sim-
ple kitchen flow experiment can be performed to confirm the different
behavior reported for the two different fluid–fluid systems described
here, and we encourage the reader to do so.

C. Evolution of drop volume and velocity

Throughout the experiment, the drop volume, V, increases, and
the velocity, u, decreases. In order to quantify these observations, we

track V and u of rising drops. V is calculated assuming axial symmetry
about the vertical axis, and u is calculated by measuring the displace-
ment of its center of mass between successive frames and dividing by
the time elapsed. We start our description by considering the evolution
of the drop velocity, u.

1. Evolution of drop velocity

Figure 3(a) shows a plot of the time dependent velocities of water
drops rising in glycerol and in corn syrup for a range of initial drop
volumes. The data are plotted on logarithmic scales. Initially, the
velocities of the rising droplets remain constant, before beginning to
diminish, ultimately following a power law at long times. The decrease
in velocity is expected, as the droplet increases its drag as it expands.

If we make the velocities presented in Fig. 3(a) non-dimensional
by the initial velocity, u0, the plot shown in Fig. 3(b) is obtained.
Scaling the velocity by the initial velocity of each rising drop collapses
the vertical axis and allows us to best observe the behavior of the veloc-
ity at long times. This scaling is sufficient to obtain a single response of
the data generated for a particular ambient liquid, but not across dif-
ferent ambient liquids.

Figure 3(c) shows the resulting velocity data when time is made
dimensionless by the viscous timescale, s. For small values of t=s, the
velocities stay relatively constant, while for larger values of this param-
eter, the velocities of droplets rising in both ambient liquids appear to
asymptote to a power law of t�1=2. The slightly steeper decline
observed for glycerol drops is most likely due to the relatively larger
deformation, as can be seen from Fig. 2, giving rise to a larger drag
force for a given drop volume.

For t=s < 1, mass transfer is dominated by convection, with
effects of diffusion being negligible, resulting in the drops being prolate
or spherical with the buoyancy force exactly balancing the viscous
drag force, leading to constant (terminal) velocities. As dimensionless
time proceeds, however, effects of diffusion can no longer be ignored,
as it causes the drops to expand, thereby increasing the drag experi-
enced by the drops. The buoyancy force is expected to stay relatively
constant during the rise as the buoyant fluid is mostly contained
within the drop without escaping through diffusion. As argued by
Griffiths for the analogous system of rising thermals,14 this behavior is

FIG. 2. (a) Image of a rising drop of water in glycerol that has deformed into an oblate spheroid. The dashed orange oval schematically shows the best fit ellipse to the visible
boundary of the oblate rising droplet. The dashed blue circle schematically indicates the boundary of a sphere with an equivalent volume to the oblate rising droplet. The radial
deformation of the droplet from a spherical shape to an oblate spheroid is indicated by f. Here f ¼ ðrs � re;minÞ=rs, rs the radius of equivalent spherical drop and re;min the
minor axis of the actual spheroid. (b) Evolution of f for water drops in corn syrup and glycerol, showing a prolate to oblate transition in shape. As a consequence of the higher
diffusion coefficient in the glycerol–water system as compared to the corn syrup–water system, drops rising through glycerol deform more than drops rising through corn syrup.
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a consequence of the high P�eclet number, since mass does not have
time to diffuse across the miscible interface on the timescale of the
flow. Therefore, the observed velocity decrease at long times is most
likely dominated by the increasing viscous drag caused by the increas-
ing volume. The power law of �1=2 should be predicted by the power
laws governing the evolution of the volume, density, and viscosity of
the droplet through the balance of buoyancy and drag forces, but
unfortunately, the scaling parameters cannot be used to fully explain
this behavior.

2. Evolution of drop volume

Figure 4(a) shows a plot of the volumetric measurements as a
function of time for the rising drops of water in glycerol and corn syrup
for a range of initial volumes. The data are plotted on logarithmic
scales. Initially, the volumes of the rising droplets increase only slightly
before growing as a power law at longer times. The increase in volume
occurs as ambient liquid is swept across the liquid–liquid interface into
the interior of the droplet. Simultaneously, as the droplet rises, the

interior liquid circulates and flows over this diffuse layer, acting to con-
vect the diffuse material away from the layer, thus promoting addi-
tional diffusion.

If we scale the volumetric data presented in Fig. 4(a) by the initial
volume, Vo, and leave the time-axis unscaled, the plot shown in Fig.
4(b) is obtained. Scaling the volume by the initial volume of each rising
drop collapses the vertical axis (�V ¼ V=Vo) for each liquid system,
but not across the two different systems.

The plot in Fig. 4(c) shows the response of the volumetric data
scaled by the initial drop volumes and time scaled by the viscous time-
scale, s. The scaling of time successfully collapses the two datasets;
however, there is some spread at long times. The dataset demonstrates
the appropriateness of the viscous timescale, s, for predicting the onset
of diffusion on the volumetric growth of miscible drops. For t=s < 1,
the drops display immiscible behavior, as seen by the near constant
values of the scaled volumes, while for t=s > 1, the drop volumes start
to increase. The latter behavior is a result of the interface being more
and more diffuse as the drop rises, allowing ambient liquid to enter
the interior of the drop leading to the volumetric growth.

FIG. 3. Plots of velocities as functions of
time for rising drops of water in glycerol
and corn syrup. The different colors reflect
different initial drop volumes. The data are
plotted on logarithmic scales. (a)
Unscaled velocity data. (b) Velocity is
scaled by the initial velocity of each rising
drop, u0, and time is left unscaled. Varying
symbol shapes and colors represent dis-
crete experiments. Open and filled sym-
bols indicate the ambient liquid as glycerol
and corn syrup, respectively. (c) Velocity
is scaled by u0, and time is scaled with a

viscous timescale s � l2

ðqgÞ2D

� �1=3
. The

dashed black line represents a power law
of t�1=2. There are no error bars since the
individual measurement errors are of the
order of symbol sizes. The bandwidth of
the collapsed data can be used to assess
the combined contributions of the overall
experimental error and the error attributed
to the scaling parameters.
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An interesting observation is the volumetric growth rate with the
exponent of 1/2 with respect to dimensionless time. Unfortunately,
our scaling analysis is not able to explain the observed power law.
However, it should be noted that a diffusive process would indicate a
power law of 3/2 and we cannot rule out the possibility that convection
is influencing the volumetric growth rate. Furthermore, a simple anal-
ysis using Eq. (1) does not predict the observed power law for velocity
and thus further investigations are needed.

D. Influence of the trailing strand

In the analysis, we have ignored influences of the trailing strand
on the shape and velocity evolution of translating drops. This might
seem like an over simplification at first glance. However, our data
show qualitative agreements with data previously reported for translat-
ing viscous drops, where trailing strands are absent. For example, in
the early stages, the shape evolution of the miscible drops reported
here agrees reasonably well with the immiscible drops reported by

Koh and Leal.11 Later in the rise, our drops develop into oblate sphe-
roids, and this observation is in agreement with descending miscible
drops reported previously by Kojima et al.6 where trailing strands are
absent.

In order for the trailing strand to severely affect the dynamics of
rising miscible drops, the mass loss throughout the rise must be signifi-
cant, even early in the rise where the drops display “immiscible”
behavior. However, our data show that the mass within the drop stays
relatively constant in the early stages of the rise, and that the mass loss
is negligible. Later in the rise, the mass starts to increase due to influen-
ces of diffusion. Another evidence of the negligible influence of the
trailing strand is the constant velocity maintained at early times, which
indicates that the buoyancy force remains constant. The diminishing
velocity at long times is a manifestation of diffusion, which causes the
drop to grow bigger as more and more ambient liquid is swept into
the drop from the back as it rises. Finally, Griffiths argues that the mis-
cible boundary layer forming around the drops characterized by low
Re and high Ra (Pe) as described here tends to rise with the drop

FIG. 4. Plots of volumetric measurements
as functions of time for rising drops of
water in glycerol and corn syrup. The dif-
ferent colors reflect different initial drop
volumes. The data are plotted on logarith-
mic scales. (a) Unscaled data. (b) The vol-
umetric data are scaled by the initial
volume of each rising drop, Vo, and time is
left unscaled. Varying symbol shapes and
colors represent discrete experiments.
Open and filled symbols indicate the
ambient liquid as glycerol and corn syrup,
respectively. (c) Time scaled with a time-

scale s � l2

ðqgÞ2D

� �1=3
. The dashed black

line represents a power law of t1=2. There
are no error bars since the individual mea-
surement errors are of the order of symbol
sizes. The bandwidth of the collapsed
data can be used to assess the combined
contributions of the overall experimental
error and the error attributed to the scaling
parameters.
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rather than to be pulled away to form a trailing strand, and this is a
consequence of the buoyancy force largely exceeding the viscous dissi-
pation of momentum. We expect the drops described in this paper to
behave qualitatively similar to the rising thermal reported by Griffiths.

The qualitative agreement between the shape evolution and
velocity of rising droplets reported here with drops reported previously
led us to ignore the trailing strand in the theoretical description.
However, our scaling argument was not able to fully explain the
observed power law behavior for volume, and we cannot rule out the
possibility of the trailing strand as being, at least in part, the cause of
this discrepancy.

V. CONCLUSION

To the best of our knowledge, this is the first experimental study
of droplets freely rising in more viscous and more dense, miscible
liquids. We demonstrate that droplets rising through miscible environ-
ments increase in volume with their velocity decreasing, and we postu-
late this behavior as being a consequence of ambient liquid being
swept into the drops as they rise. Our theoretical study revealed the
correct timescale and length scale to explain key observations.
Particularly, we are able to predict the transition from immiscible
behavior, where diffusion can be ignored, to a diffusion influenced
regime, where the drops develop into oblate spheroids, with the veloc-
ity decreasing and the volume increasing. However, our scaling
parameters are insufficient in explaining the rate of the volumetric
expansion and the velocity reduction at long times, t1=2 and t�1=2,
respectively, which remain points of further investigation.
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